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Abstract 
Dual phase (DP) steels are increasingly used in automotive vehicles to increase pas-
senger safety and reduce weight. One of the main disadvantages of DP steels is the 
high amount of springback, a shape defect which occurs in most car part production 
processes. To compensate for springback accurate information on the material’s 
Young’s modulus is important.  
Recent studies have shown that the springback after deformation is not a linear process 
and that the apparent Young’s modulus reduces with the level of plastic deformation. 
The magnitude in reduction of the apparent Young’s modulus has been measured for 
many industrial DP steels with conflicting results, possibly due to variations in chem-
ical composition and microstructure parameters between studies. The reduction in the 
apparent Young’s modulus has been related to two mechanisms, strain partitioning due 
to residual stresses and dislocation movement. However only limited work can be 
found on the experimental validation of these effects. In addition sheet forming oper-
ations often involve strain-path reversals which may affect the apparent Young’s 
modulus. Experimental investigations were so far limited to loading-release tests per-
formed in tension and in numerical analysis it is currently assumed that the apparent 
Young’s modulus is a simple function of accumulated plastic strain and independent 
of the direction of strain.  
To date, there is a lack of understanding of how the DP microstructure influences the 
changes in apparent Young’s modulus. This is because no fundamental study has in-
vestigated the impact of specific microstructure parameters on the reduction in appar-
ent Young’s modulus. In addition, the mechanisms that cause the reduction in apparent 
Young’s modulus with pre-strain in DP steel have not been experimentally analysed. 
Last, until now it is unknown if a strain path-reversal impacts the change in apparent 
Young’s modulus.  
This work aims to develop a fundamental understanding of the link between micro-
structural features and the forming path with the reduction in the apparent Young’s 
modulus of DP steel. This is to enable optimisation of the forming behaviour in future 
alloy designs and to improve accuracy in regard to springback prediction in the nu-
merical analysis of sheet forming processes.  
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A common automotive DP steel (DP780) was heat treated to obtain seven different 
combinations of martensite and ferrite volume fractions and hardness while keeping 
the material chemical composition as well as the shape of the martensite and ferrite 
phases constant. Loading-unloading tests were performed to analyse the apparent 
Young’s modulus at various levels of pre-strain. This revealed that the reduction of 
the apparent Young’s modulus increases with martensite hardness if the martensite 
volume fraction is kept constant. A higher martensite volume fraction initially elevates 
the reduction of the apparent Young’s modulus due to an increased dislocation density 
and enhanced strain partitioning between the martensite and the ferrite phases. After a 
critical level of martensite phase, a decrease in the apparent Young’s modulus reduc-
tion was observed and related to a reducing martensite hardness and ferrite grain size. 
The results further suggest that the point of saturation of the apparent Young’s modu-
lus reduction with pre-strain depends on the martensite shape and occurs earlier for 
microstructures where the martensite grains surround the ferrite grains in a chain-like 
structure. The trends observed here may be used in future alloy design for the devel-
opment of microstructures with improved forming behaviour or to optimise material 
models in numerical analysis. 
An empirical equation was developed to estimate the reduction in the apparent 
Young’s modulus based on the martensite volume fraction and hardness. Thereby the 
martensite volume fraction can be determined with simple optical microscopy while 
the hardness of the martensite is estimated based on the steel’s chemical composition. 
Comparison of experimental and numerical results for the V-die bending test suggest 
that improved accuracy for springback can be achieved by including the data provided 
by the empirical equation. This therefore represents a viable alternative to the time-
consuming loading-unloading experiments generally required to account for changes 
in the apparent Young’s modulus in current numerical analysis of sheet forming oper-
ations.  
In-situ loading-unloading tests were performed and micrographs taken using electron 
channelling contrast imaging (ECCI) before and after unloading to investigate the 
presence and extent of dislocation motion during unloading. The micrographs were 
imported into digital image correlation (DIC) software to analyse strain partitioning 
during unloading. In addition, micro-scale finite element (FE) analysis was performed 
to understand to what extent the observed strain partitioning can contribute to the re-
duction in the apparent Young’s modulus. These investigations allowed for the first 
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time to experimentally verify the mechanisms that are responsible for the reduction in 
apparent Young’s modulus. It was found that both mechanisms are present and re-
quired to account for the overall level of the reduction in the apparent Young’s modu-
lus observed in the loading-unloading tests.  
In the last part of this study, a new tension-compression (TC) test setup was developed 
to analyse the change in the apparent Young’s modulus after strain-path reversal. Sam-
ples were pre-strained in tension followed by subsequent compression. This showed 
that the apparent Young’s modulus recovers after a strain-path change from tension to 
compression and that the saturated apparent Young’s modulus is higher after a strain-
path reversal. This effect has to be considered in future advanced material models and 
may lead to improved model accuracy for springback when numerically analysing 
sheet forming processes that involve a strain-path change.  
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 Introduction 
To increase the safety of passenger vehicles advanced high strength steels (AHSS) 
have frequently been used in automotive parts due to their unique work hardening be-
haviour and a good combination of strength and ductility. The high ultimate tensile 
strength of AHSS, and in particular dual phase (DP) steels, results in a large elastic 
recovery after forming, known as springback [1]. To predict the springback, accurate 
information on the elastic modulus is necessary. Several previous studies have shown 
that unloading of AHSS after deformation is non-linear [2-7]. This so-called ‘inelastic 
unloading’ is a result of an additional micro-plastic unloading strain which reduces the 
apparent Young’s modulus and increases springback [8]. As the Young’s modulus in 
a pure metal is a physical constant of fixed value, the modulus measured is referred to 
as the ‘apparent Young’s modulus’ and its reduction compared with the initial Young’s 
modulus as the ‘change in the apparent Young’s modulus’. It is now common practice 
to include the change in the apparent Young’s modulus with plastic deformation when 
numerically analysing sheet forming processes to ensure a good representation of the 
springback behaviour [7, 9-14]. The change in the apparent Young’s modulus in most 
studies has been determined by measuring the chord modulus. The chord modulus is 
defined as the slope of the tensile stress-strain curve before and after unloading [1, 3, 
6, 7, 9, 12, 15]. Those studies have shown that the chord modulus decreases with in-
creasing stress or pre-strain before it reaches a saturation point, after which no further 
reduction takes place. This reduction has been observed for many steels but is more 
pronounced in DP steels, where the level of reduction significantly varies with the 
microstructure [1, 3, 4, 6, 11, 15-17]. Previous studies mainly relate the additional 
unloading strain to two mechanisms, strain partitioning arising from residual stresses 
[18, 19]; and dislocation movement in form of pile-up and repulsion as well as 
dislocation bowing [5, 20-27]. 
So far studies that investigated the reduction in the apparent Young’s modulus were 
limited to industrial steel grades with similar strength, but different chemical compo-
sitions and microstructures. This led to contradicting results regarding the reduction in 
modulus and the saturation of this reduction. This indicates that the reduction in the 
apparent Young’s modulus does not just depend on the material strength but is affected 
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by the microstructure. Until now, there is no fundamental understanding of the ef-
fect of the microstructure on the change in the apparent Young’s modulus. 
Only a few studies have focused on experimentally analysing the mechanisms that 
cause the reduction in the apparent Young’s modulus. Those were limited to quantita-
tively reproducing the effect of dislocation pile-ups and micro-plastic strain [27-30] 
and the modelling of the inelastic unloading of DP steel by implementing the mecha-
nisms described in [4, 15, 21, 31, 32]. Only limited microstructural work can be 
found that focused on experimentally investigating the mechanisms that cause the 
reduction in the apparent Young’s modulus with pre-strain [22, 24, 33] and none of 
those focused on dual phase (DP) steels. 
Last, in some sheet metal forming processes, sheets bend and reverse bend before un-
loading. Currently, the effect of strain reversal on the reduction in the apparent 
Young’s modulus is unknown and needs further investigation.  
1.1 Research objective and methodology 
The overall objective of this work is to experimentally investigate the link between 
microstructure and unloading behaviour of dual phase steels. The research question 
which has to be answered is:  
 How does the microstructure and forming path influence the unloading 
behaviour of DP steel? 
This research question results in the following major objectives: 
 Identify the effect of the microstructure on the unloading behaviour. 
 Experimentally study the cause for the reduction in the apparent Young’s 
modulus. 
 Analyse the unloading behaviour after strain path reversal. 
To address these objectives, a common automotive dual-phase steel (DP780) is heat 
treated to obtain seven different combinations of martensite volume fraction and hard-
ness. Loading-unloading tests are performed at various levels of pre-strain to investi-
gate the effect of the microstructure on the change in the apparent Young’s modulus. 
This concludes in the development of an empirical equation which estimates the effect 
of martensite hardness and volume fraction on the apparent Young’s modulus. Next, 
in situ loading-unloading tests are performed and the mechanisms that are responsible 
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for the inelastic unloading studied. To analyse the effect of strain reversal on the 
change in the apparent Young’s modulus, tension-compression tests are conducted.  
Through this, the effect of microstructure and forming strain-path on the unloading 
behaviour is determined. This is necessary to develop a deeper understanding of the 
springback behaviour of DP steels and will lead to microstructures with optimised 
formability as well as improved model accuracy in regard to springback in numerical 
models of complex sheet forming processes.  
1.2 Structure of thesis 
This section outlines the structure of the thesis and the content of the following chap-
ters. 
Chapter 2 – Literature Review 
This chapter reviews the current state of the literature. First, the need and recent de-
velopments in regard to AHSS are outlined and finalised with a review of dual phase 
steels. The effect of microstructure on the forming behaviour will be described and the 
mechanics of dislocation generation, movement and elimination explained. The novel 
principle of electron channelling contrast (ECCI) is explained, and the advantages and 
disadvantages of this new approach for dislocation analysis discussed. 
After that, springback as a major shape defect in sheet metal forming is reviewed. The 
inelastic unloading after plastic deformation is identified as the reason for the reduc-
tion in the apparent Young’s modulus and the resulting increase in springback. Previ-
ous studies that focused on the reduction in the apparent Young’s modulus in DP steels 
are reviewed. 
The literature review then concludes by highlighting the gaps in the literature, showing 
that the effect of microstructure on the unloading behaviour and the mechanisms that 
cause inelastic unloading require further investigation. 
 
Chapter 3 – Materials and Material characterisation 
Chapter 3 introduces the materials and basic experimental techniques used in this 
work. It starts with an overview of the seven DP microstructures investigated in this 
study, their heat treatment and procedures used for the evaluation of phase fractions 
and grain sizes. The standard material characterisation procedures are then explained. 
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This includes electron microscopy analysis, in situ experiments, nano-hardness inves-
tigations and tensile testing with R-value determination. Next, the apparent Young’s 
modulus investigations consisting of loading-unloading experiments and fitting the 
Yoshida equation are described. Digital image correlation with the GOM Aramis soft-
ware used for macroscopic and microscopic strain measurements is explained. Finally, 
the experimental trials and FEA simulation for characterising the springback behav-
iour in a V- die bending test are outlined. 
 
Chapter 4 – Effect of microstructure on the change in unloading behaviour 
This chapter aims to identify the effect of the microstructure on the unloading be-
haviour. Seven DP microstructures are produced and their phase compositions, phase 
hardnesses and mechanical properties analysed. Loading-unloading tests are 
performed, and the results fitted to the Yoshida equation to identify the effect of mar-
tensite phase hardness and phase fraction on the change in the apparent Young’s mod-
ulus. Using this information, an empirical equation is developed, enabling the estima-
tion of the apparent Young’s modulus reduction depending on martensite phase frac-
tion and hardness with only the chemical composition and microstructure morphology 
required as input data. V-bending experiments and simulations are conducted to ex-
plore if the developed empirical equation is a possible alternative to time extensive 
experimental Young’s modulus investigations to generate material input information 
for FEA. 
 
Chapter 5 – Microstructural effects during unloading of dual phase steel 
Chapter 4 will raise the question: What is causing the reduction in the apparent 
Young’s modulus? The present chapter aims to address this questions. For this, in situ 
loading unloading tests are performed and micrographs taken with ECCI.  
The micrographs are imported into the digital image correlation software, GOM Ara-
mis, to analyse the local strain partitioning in the ferrite during unloading. The micro-
scopic surface strains during loading and unloading are analysed to verify the mecha-
nisms of strain partitioning during unloading as a result of residual stress. To 
investigate to what extent the observed strain partitioning contributes to the plastic 
unloading strain, FE simulation is carried out. Next, the dislocation motion during 
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forward straining and unloading is investigated qualitatively, and the mechanism of 
dislocation pile-up and repulsion discussed.  
To enable the discussion of the observed effects in a more quantitative manner, the 
strain levels generated by dislocation motion, predicted by FEA and measured with 
DIC were compared with the unloading strain calculated for the bulk material based 
on results of Chapter 4. This identified to what extent the different mechanism are 
contributing to the non-linear unloading observed for the DP microstructure investi-
gated. 
 
Chapter 6 – Material behaviour during reverse deformation 
Chapters 4 and 5, as well as previous literature, focused on investigating the change in 
the apparent Young’s modulus in forward straining. This chapter aims to investigate 
the impact of strain reversal. For this purpose, a new tension-compression test setup 
is developed that enabled the monitoring of the clamping pressure and an accurate 
strain measurement while allowing compressive strains of up to 6 %. The new setup 
includes a quick opening mechanism for quick sample changes and interchangeable 
dies to allow future investigation on materials with different strength levels and sheet 
thicknesses. A DP steel is then pre-loaded in tension to various pre-strain levels and 
subsequently compressed and unloaded at several levels of compressive strain. The 
TC test is verified by comparing the apparent Young’s modulus results in tensile di-
rection with those obtained in Chapter 4. The change in the apparent Young’s modulus 
in compression after strain reversal is analysed for different tensile pre-strain levels. 
This generates a first step towards understanding the effect of strain-path reversal on 
the change in the apparent Young’s modulus.  
 
Chapter 7 – Discussion and Outlook 
The findings and conclusions of each chapter are summarised and discussed here, lead-
ing to recommendations for future studies.  
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 Literature Review 
The installation of heavy luxury components in cars such as electrical seats entertain-
ment systems and motors for electrical doors and windows forces car manufacturers 
to reduce the weight of the vehicle chassis and crash components. This is to keep the 
overall automobile weight within a reasonable limit. The two main ways to decrease 
the automotive weight while maintaining or increasing vehicle safety are the redesign-
ing of structural parts and/or material substitution with new and lighter materials. Ad-
vanced high strength steels (AHSS), such as dual phase (DP) steels, have frequently 
been used in automotive parts since their high strength allows the use of lower gauge 
components which decreases weight. One major disadvantage of DP steels is their high 
springback, which is even further increased as the result of a high reduction in the 
apparent Young’s modulus. This Young’s modulus reduction is linked to additional 
unloading strain arising from an inelastic unloading behaviour. Inelastic unloading has 
been mainly associated with two mechanisms; strain partitioning due to residual 
stresses and dislocation pile-up and repulsion.  
The aim of this research is to develop an understanding of the effect of the microstruc-
ture on the springback behaviour of DP steel and to analyse the mechanisms responsi-
ble for the reduction in the apparent Young’s modulus. The following chapter analyses 
the available literature and will outline the importance of AHSS to achieve weight 
reduction and the influence of microstructure on their forming behaviour. The mechan-
ics of dislocation generation, movement and elimination will be explained, and the 
state-of-the-art methods for dislocation analysis are reviewed. After that, springback 
as a major shape defect in sheet metal forming is reviewed with major focus on the 
non-linear unloading after plastic deformation and the reduction in the apparent 
Young’s modulus.  
2.1 AHSS in automotive lightweight construction 
On road passenger and goods transportation represent one of the main carbon dioxide 
(CO2) emitters of our time. As a result, governments are forcing car manufacturers to 
improve the efficiency of new cars by installing environmental regulations and motor-
ing taxation [34]. For example, the European laws passed in 2012 limit the reduction 
of CO2 emissions of new passenger cars to 95 g/km by 2021 [35]. As there is a direct 
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relationship between a car weight and its fuel consumption, reducing the weight is one 
of the most promising ways to improve fuel efficiency (Figure 2-1). The installation 
of heavy luxury components in cars, such as electrical seats, entertainment systems 
and electrical motors for doors and windows forces car manufacturers to further reduce 
the weight of the chassis and crash components to comply with the new CO2 emission 
laws. [36] 
 
Figure 2-1 – EU Carbon dioxide targets and the reduction in fuel consumption neces-
sary to achieve these targets [37]. 
Weight reduction can be achieved by redesigning structural car parts or by using light-
weight materials. In general, there are two kinds of lightweight materials: steels with 
extreme high strength to weight ratio and materials with low density such as 
aluminium, magnesium or carbon fibre. Despite the considerable amount of research 
that has been carried out to develop these low-density materials cars are still majorly 
built of steel. This is due to steel’s many advantages [35] which include: 
 Consistent supply and low production cost 
- The production of steel is comparatively easy. The production costs are 
therefore lower than those for aluminium, magnesium or carbon fibre. [35]  
 Corrosion resistance is easily achievable with a zinc coating 
- Though corrosion is one of the main disadvantages of steel, a corrosion 
resistance can nowadays be easily achieved by including a zinc bath in the 
production line. [35] 
 Part stiffness 
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- Steel has three times the Young’s modulus of aluminium and almost five 
times that of magnesium. The stiffness of a part is proportional to its 
Young’s modulus and cross section. Hence, using steel instead of low-
density materials allows the use of thin sheets without excessively reducing 
stiffness. [35]  
 Recyclable 
- Since 2005 a European directive is in place encouraging car manufacturers 
to design vehicles from the viewpoint of dismantling and recycling. The 
same directive dictates that vehicles have to be reusable and/or recyclable 
to a minimum of 85 % by mass to be allowed into the market. For the new 
European target of 2015, this share goes up to 95 %. [38] 
- Scrap metal can simply be used during the production process of new steel. 
Though aluminium is also relatively easy to recycle, the costs to recycle 
magnesium is higher than its initial production. Carbon fibre is currently 
only recyclable to a limited extent. [35]  
 Easy to form and to join 
- The low yield stress and high ductility compared with carbon fibre allow a 
higher product complexity and the use of common and cost effective sheet 
forming operations. Weldability is a big advantage of steel, as carbon fibre 
is not weldable at all and aluminium and magnesium only with high effort. 
[35, 39-41] 
 Good crash performance due to high energy absorption potential 
- The high strain hardening rate of multiphase steel allows high amounts of 
energy to be absorbed during car crashes. [42, 43] 
 
From all steels used in automotive parts AHSS have become the fastest growing ma-
terial for vehicle use over the past decade. The growth in application has even exceeded 
expert predictions made in 2010 (Figure 2-2). During the last three years, the amount 
of AHSS used in automotive applications has been 10 percent higher than foreseen. 
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Figure 2-2 – AHSS in pounds per Vehicle 2010 study vs. 2014 study [44]. 
AHSS are stronger than conventional HSS at the same level of elongation (shown Fig-
ure 2-3) 
Except for martensitic steel, all AHSS are multiphase steels containing a ductile ferrite 
phase combined with hard phases of martensite, bainite or retained austenite [45, 46]. 
The four subgroups of AHSS are: Martensitic steels, DP steels with a microstructure 
of ferrite and martensite, complex phase (CP) steels with a mixture of ferrite, bainite, 
and martensite, and transformation induced plasticity (TRIP) steels with a mixture of 
ferrite, bainite and retained austenite [36, 45, 47]. 
 
Figure 2-3 – Schematic of AHSS steels (shown in colour) compared with low strength 
steels (dark grey) and traditional HSS (light grey) [48]. 
The potential for automotive lightweight construction using AHSS has been 
sufficiently studied, and it has been shown that using a combination of multiphase 
AHSS and advanced structural part design automotive weight reduction requirements 
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can be met [49, 50]. The low tensile to yield strength ratio of AHSS leads to good cold 
formability. This allows greater part complexity and leads to a higher flexibility during 
the manufacturing process [51]. In this way, AHSS allow for weight reduction by re-
ducing the overall thickness of components while stiffness can be controlled by a smart 
part design [51]. High ultimate tensile strength combined with a high work hardening 
rate enable high-level energy absorption during impact required for crash components 
and to increase passenger safety [52]. Figure 2-4 a) shows the intensive use of high 
strength multiphase steels in a 2015 Nissan Murano. It can be seen that AHSS are used 
especially for crash relevant parts such as A pillars and B pillars. Of all AHSS DP steel 
is the majorly used material and its usage in automotive components is expected to 
triple from 2009 to 2020 (Figure 2-4 b)). 
a) 
 
b) 
 
Figure 2-4 – a) Body structure 2015 Nissan Murano [53], b) Independent marketing 
research of material growth in kg for future automotive applications [51]. 
 2nd and 3rd generation of AHSS 
The idea of steels that combine the exceptional strength levels of the 1st gen AHSS 
with improved ductility and cold formability encouraged the steel industry to develop 
the second generation of advanced high strength steels (2nd gen AHSS). These 2nd gen 
AHSS are; twinning induced plasticity (TWIP) steels, lightweight steels with induced 
plasticity (L-IP) and shear band strengthened (SIP) steels (Figure 2-5).  
The main difference from the 1st gen AHSS is the austenitic microstructure which en-
ables the transformation-induced plasticity (TRIP) effect. During deformation, the aus-
tenite transforms into martensite. This strengthens the material and delays local neck-
ing. This effect has already been observed in TRIP steel, which is a 1st gen AHSS. 
However, the retained austenite, which is necessary for the TRIP-effect, is only 
10 – 15 % in TRIP steel. Due to high alloy elements (manganese content of up to 
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15 – 30 % and aluminium content of up to 1 - 9 %), the austenite content in austenitic 
steels can be increased to allow up to 100 % austenite. [54, 55]  
Another strengthening mechanism found in austenitic steels is the twinning induced 
plasticity (TWIP) effect. Manganese contents of over 15 % cause the formation of 
deformation twins when the steel is deformed. Twins, similar to grain boundaries, act 
as obstacles to hinder the dislocation glide which increases the work hardening rate 
due to the Hall-Petch effect. [56] 
The 2nd gen AHSS offer a superior combination of strength and ductility and therefore 
are attractive to the automotive industry. However, their use in the automotive industry 
is still limited. This can be attributed to the following disadvantages [57, 58]: 
 They are expensive due to the high alloy supplement necessary to achieve the 
austenitic microstructure. 
 They are difficult to produce.  
 They have a tendency to show delayed cracking. (Fracture occurring after form-
ing) 
 Complicated welding techniques are required for joining. 
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Figure 2-5 – Schematic of AHSS steels; 1st generation (green), 2nd generation (orange, 
3rd generation shown as current area of research - compared with low strength steels 
and traditional HSS (blue) [59]. 
Current research aims to expand the spectrum of AHSS towards the third generation 
(3rd gen) of AHSS which show a superior strength-formability combination without 
the disadvantages of the 2nd gen AHSS. Thus, the next generation of AHSS will ideally 
be easy to form, low-carbon for high weldability and low alloyed to minimise costs 
[35, 57, 60, 61]. Several 3rd gen AHSS with novel microstructures have been 
developed during the last couple of years, but only two are currently commercially 
produced. Those are TRIP-aided bainitic ferrite (TBF) steels and quenching and parti-
tioning (Q&P) steels [62-66]. The latter can be produced by interrupted quenching 
after heat treatment in which the material is reheated for partitioning. This thermal 
treatment is an effective way to retain significant amounts of austenite, resulting in a 
duplex microstructure with retained austenite and lath martensite. Q&P steels show 
tensile ductility up to 20 % in combination with tensile strength levels of up to 
1200 MPa [62].  
TBF shows improved ductility as a result of the TRIP effect. The steel is intercritically 
heat treated followed by ageing in the bainite reacting temperature range. This leads 
to a fine (~1 µm) bainitic ferrite lath microstructure which comprises significant 
amounts of retained austenite. [65, 66]  
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2.2 Dual phase steels 
To date, the most commonly used AHSS in automotive bodies are DP steels. This is 
mainly due to their high level of work hardening which results in high tensile strength 
and good cold formability. DP steels are used for crash boxes, front end structures, a- 
and b-pillars and roof rails [42, 43]. 
 Microstructure and mechanical properties 
The microstructure of dual phase steel consists of two phases, ferrite and martensite, 
although small amounts of bainite, perlite or retained austenite may also be present. 
While the soft ferritic matrix provides a low yield strength and good formability, the 
hard martensite phase results in a high tensile strength. A dual phase microstructure 
can be obtained with all low-carbon steels by a variety of processing routes including, 
hot rolling or continuous annealing or batch annealing. To produce DP steel by 
continuous annealing, the material is heated above the intercritical temperature (A1) 
into the austenite-ferrite two-phase region [67]. After a short holding time, the material 
is rapidly cooled (quenched) below the martensite starting temperature (Ms) as shown 
in Figure 2-6. When the temperature during the cooling process reaches Ms, the aus-
tenite () transforms to martensite (’) while the ferritic phase remains nearly un-
changed. This forces a volume expansion into the material due to a sudden reorienta-
tion of C and Fe atoms induced by the ’ transformation. This causes residual 
stresses [68]. The amount of martensite in the DP-microstructure can be adjusted by 
changing the A1. Increasing the temperature before quenching will increase the mar-
tensite volume fraction (Figure 2-17). However, as the carbon content in the material 
does not change, the carbon concentration in the martensite decreases with increasing 
martensite volume fraction due to the rule of mixture [69, 70].  
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Figure 2-6 – Annealing cycle for dual phase steel, consisting of ferrite and martensite 
[71]. 
 Dislocations - the deformation mechanics of metals 
Before the deformation behaviour of dual phase steel can be reviewed and understood, 
the basic principles of dislocations must be known. 
Deforming a metal does not cause its crystal structure to change but results in move-
ment of areas inside the crystal along crystallographic slip planes. Thus the perfect 
crystal grid is getting distorted. These line-like defects are called dislocations. A way 
to envision dislocations is to imagine what happens if an atom layer ends within the 
crystal (Figure 2-7). The restricting line of the crystal plane is called edge dislocation. 
[72] 
 
Figure 2-7 – Atomic orientation defect caused by an edge dislocation [72]. 
In general, there are three forms of dislocations, edge dislocations (Figure 2-7), screw 
dislocations (Figure 2-8 a)) and the combination of step and screw dislocations (Figure 
2-8 b)). A screw dislocation is generated if the atom layers are not shifted vertically 
Chapter 2  15 
 
but parallel to the crystal plane that is cut open. The crystal orientation can then be 
described as a helix [72]. 
a) 
 
b) 
 
Figure 2-8 – a) Atomic orientation defect caused by a screw dislocation; b) dislocation 
line as a result of an edge dislocation combined with a screw dislocation [72]. 
A dislocation is characterised through its line element and the Burgers vector (b). The 
line element is a unit vector tangential to the dislocation line. The burgers vector indi-
cates the direction and the distance of the crystal disorientation.  
During plastic deformation, crystal areas have to slide parallel to a crystallographic 
plane for one or multiple atom spacings. The force necessary to slide full crystal parts 
is large. Thus, the atoms do not move simultaneously but rather successively. This 
corresponds to the movement of a dislocation through the crystal. However, not all 
dislocations which move through the material during deformation will pass completely 
through and exit the material. In general generated dislocations get immobilised after 
moving a certain distance. This is the result of dislocation pinning due to interactions 
with other dislocations or obstructions provided by grain boundaries or obstacles [68, 
72]. When a dislocation cannot pass the grain boundary, its mean free path is depend-
ent on the ferrite grain size [73]. An increasing dislocation density leads to a further 
obstruction of dislocation movement. Figure 2-9 shows the so-called ‘Lomer-effect’. 
Dislocations on secondary slip systems react with those situated on primary slip sys-
tems. This creates immobile dislocations which cannot be passed by following dislo-
cations. Thus, the dislocations that follow get stuck and generate a dislocation pile-up. 
[72] 
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Figure 2-9 – Schematic of the Lomer-effect. The dislocation on the (001) slip plane is 
immobile due to the stress fields generated by the dislocations on (-111) and (1-11) 
slip planes [72]. 
However, the amount of moveable dislocations has to remain unchanged to enable 
constant deformation speed (for example during tensile testing). Hence, the pinned 
dislocations either need to be intersected by following dislocations or new dislocations 
have to be generated. This will further increase the dislocation density and through 
that the Lomer-effect. 
Figure 2-10 schematically illustrates the intersection of dislocations. The dislocation1 
with Burgers vector b1 cuts through the non-parallel dislocation2 with Burgers vector 
b2. Through this, a step is generated in both dislocations with the orientation and di-
mension of the dislocations Burgers vector. [72] 
 
Figure 2-10 – Schematic of dislocation intersecting which generates a step in the dis-
location line [72]. 
Chapter 2  17 
 
A similar mechanism applies when a dislocation reaches a grain boundary or an ob-
stacle. Arriving at an obstacle, the movement is blocked and the dislocation is pinned. 
If the obstacle is weak, the dislocation will move through it (Figure 2-11) and shear 
the particle by moving the atom layers for the distance of its burgers vector. [72] 
a) 
 
b) 
 
Figure 2-11 – Dislocation is cutting through a weak obstacle, a) schematic of the move-
ment of the atom layers in the slip plane; b) shearing observed in a Ni-19%Cr-6%Al 
(right) [72]. 
This is only possible if the particle and the surrounding matrix have the same crystal 
orientation. The energy necessary to move the dislocation through an obstacle has to 
be introduced into the material through the applied stress. [72] 
If the obstacle is hard or consists of a different crystal orientation, the dislocation is 
not able to cut through it. Figure 2-12 a) illustrates how the dislocation bulges next to 
the obstacle. If the dislocation moves further forward, the radius of the bulge is 
increased until the anti-parallel parts beyond the particle touch each other. At this mo-
ment a free dislocation can detach from the particle. This leaves behind a dislocation 
ring around the by-passed particle, the so-called ‘Orowan ring'. These rings can only 
be detected with an electron microscope (Figure 2-12 b)). [72] 
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a) 
 
b) 
 
Figure 2-12 – a) Different stages of the Orowan mechanism to bypass a hard particle 
leaving a dislocation ring around the particle; b) Orowan rings around a Al2O3 Particle 
in a CU-30%Zn Matrix [72]. 
If the force necessary to bypass or cut a particle is too high or the dislocation has 
arrived at a grain boundary, new dislocations need to be generated to maintain material 
deformation. One source of new dislocations originates from dislocation pile-ups at 
grain boundaries. Grain boundaries represent insurmountable obstacles. This is due to 
the fact that for dislocation movement the Burgers vector must be a translation vector 
of the crystal. This is not the case from one grain to the other as the slip planes are 
differently orientated and usually not parallel to each other. Thus, dislocation pile-ups 
are generated at grain boundaries. This is schematically illustrated in Figure 2-13 c) 
based on observations made using electron microscopy on stainless steel (Figure 
2-13 a)). The piled-up dislocations induce a backstress in the opposite direction to the 
applied shear stress. Following dislocations stop at that distance to a grain boundary 
where these stresses are equalised. As the backstress rises with increasing pile-up of 
dislocations, the queue for new dislocations is becoming longer. However, the maxi-
mum length of the queue that is possible is limited to half the grain diameter (D/2). 
The stress generated through the dammed dislocations in grain1 increases the inner 
stress in the undeformed neighbouring grain (grain2). Hence new dislocations are 
generated that lead to deformation in grain2 (Figure 2-13 b)). The backstress that is 
required to generate a dislocation in grain2 is dependent on the strength of the grain. 
[72]. 
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a) 
 
b) 
 
c) 
 
 
Figure 2-13 – TEM of stainless steel showing dislocation pile-up at the grain boundary 
(a); schematic of dislocation pile-up (b); dislocation pile-up at the grain boundary in 
grain1 activates dislocation in grain2 [72]. 
Another dislocation source is the mechanism of dislocation splitting in the lattice if the 
stacking fault energy is low as it is the case in face-centered cubic (FCC) crystals. The 
energy of a dislocation increases squarely with the Burgers vector. A dislocation can 
theoretically reduce its energy by dissipating into two parts. This mechanism can take 
place for the case of a double-dislocation split into two single dislocations or for a 
single dislocation split into two half-dislocations [72]. For the latter, the two disloca-
tion components need to stay in proximity to each other as dislocation splitting requires 
high energy to disconnect the atom layers in between the two dislocation parts. Thus, 
the distance between the both dislocation parts has to be small enough so that the en-
ergy gained by splitting the dislocations is higher than the energy required to discon-
nect the atom layers [72]. 
The plastic deformation of material leads to various types of dislocation generation 
and pinning mechanisms. The increasing amount of trapped dislocations during defor-
mation leads to an increase in dislocation density and consecutively increases the 
strength of the material. This effect is called work hardening. 
 Dislocation in BCC lattice 
In body centred cubic metals (BCC) such as α -iron, slip occurs in {110}, {112}, {123} 
planes in the <111> directions and with a Burgers vector of b = (ao/2) [111]. Cross slip 
is easy, thus it is possible for screw dislocations to move on different {110} planes or 
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combinations of {110} and {112} planes depending on the applied external stress. This 
results in wavy and not clear defined slip lines. The slip plane can vary with chemical 
composition, grain orientation, temperature, and strain rate. However, it has been 
found that during the deformation of iron at room temperature slip planes appear close 
to the shear stress plane, disregarding the lattice orientation.  
In contrast to a FCC lattice, in BCC the stacking fold energy is high. This makes it 
unlikely for a dislocation to dissociate into two partial dislocations. Thus the material 
deforms by dislocation gliding onto intersecting slip planes. A high stacking fault en-
ergy also results in a high amount of mobile dislocation. [74] 
 Dislocation investigation using TEM and ECCI 
Dislocation analysis is traditionally carried out by transmission electron microscopy 
(TEM) but there are limitations to this technique. The thin foils necessary for diffrac-
tion contrast imaging are difficult to prepare and only represent a relatively small area; 
this does not allow in-situ studies of the deformation of a bulk material [75, 76]. A 
novel approach to investigate dislocation and twin structures in metals is by electron 
channelling contrast imaging (ECCI) [75-81]. ECCI has historically been carried out 
with a highly tilted sample and a forward scattered electron detector. However, Simkin 
and Crimp have shown that ECCI can also be carried out using a back scatter electron 
(BSE) detector in scanning electron microscopy (SEM) and a sample surface orien-
tated nearly normal to the electron beam. Using the BSE detector allows the investi-
gation of bulk samples and overcomes many of the TEM limitations [75]: 
 As the dislocations observed with ECCI are near surface dislocations, only the 
surface of the sample has to be prepared for imaging. This allows for an investi-
gation of the pre-existing (before deformation) dislocation structure and dismisses 
the uncertainty whether or not the sample preparation has influenced the disloca-
tion structure. 
 Since the area investigated with ECCI is comparably large, objects of interest, e.g. 
specific grain sizes, grain shapes or grain boundaries, can be identified and ob-
served. The large examination area also allows a representative distribution across 
large grains. 
 ECCI is convenient for in-situ studies and allows the investigation of defect de-
velopment and dislocation structures during the deformation of the bulk material. 
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One of the downsides of using ECCI over TEM investigations is the lower image res-
olution which complicates the clear observation of dislocations [75, 76, 79, 80]. An-
other issue when using the BSE detector to investigate dislocation structures comes 
from the ‘invisibility criteria’ [75, 81]. Once a lattice defect (dislocation) and the elec-
tron beam fulfill the invisibility criteria, the dislocation will not be captured by 
backscattered electrons [81].  
Also, while TEM maintains dislocation contrast for small variations in the Bragg an-
gle, ECCI of dislocations is designed for a perfect Bragg condition and image contrast 
falls quickly with deviation from the perfect condition [82].  
Dislocation density analysis is therefore limited with ECCI since the dislocations ob-
served may only represent a small fraction of the total amount of dislocations. How-
ever, ECCI is well suited for the observation of the formation, evolution and movement 
of dislocations at different strain levels [76, 77]. 
 Deformation characteristics of dual phase steel 
The engineering stress-strain curve shown in Figure 2-14 shows the deformation re-
sponse of a DP780 steel during uni-axial tensile testing. The elastic limit is 
accompanied by continuous yielding, high strain hardening and the elastic-plastic tran-
sition which occurs at stresses below the elastic limit of the ferrite phase [83]. The 
initial high strain hardening rate decreases with increasing strain until the maximum 
tensile strength is reached. The material then starts to neck which ultimately results in 
material failure [39-41]. 
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Figure 2-14 – Stress-strain response during uni-axial tensile testing of DP780. 
The smooth elastic-plastic transition is due to the effects of the heterogeneous DP mi-
crostructure. During the ’ transformation the material experiences a volume ex-
pansion of around 3 % [68]. This change in volume introduces residual stresses which 
facilitate plastic deformation and lower the elastic limit [83]. Moreover, the martensite 
transformation results in the deformation of the ferrite in the vicinity of a ferrite-mar-
tensite grain boundary. This introduces mobile dislocations into the ferrite phase as it 
is shown in Figure 2-15. Korzekwa et al. [84] have revealed that the dislocation density 
in as-produced dual phase steel is high in ferrite regions adjacent to the martensite and 
low in the interior of the ferrite. 
The additional dislocations contribute to strain hardening. The deformation starts in 
the areas of the ferrite with the lowest dislocation density and only spreads to areas of 
higher dislocation density when the applied stress is further increased [83, 84]. Higher 
stresses are therefore needed to deform areas of higher dislocation density. 
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Figure 2-15 – Dual-phase structure, schematic view [85]. 
Previous studies [18, 86] modelled the deformation behaviour of DP steels and showed 
that stress and strain are partitioned between the martensite and ferrite phases. At any 
given time during plastic deformation, the ferrite experiences a higher strain and lower 
stress than the two-phase composite, as shown in Figure 2-16. The martensite shows 
the opposite trend with lower strains and higher stresses compared with the bulk ma-
terial and therefore only deforms at higher strain levels. It was further shown that in-
creasing the martensite volume fraction increases the mismatch in strain between the 
ferrite and the martensite during deformation and leads to a larger strain partitioning 
[87]. 
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Figure 2-16 – Result of the simulated stress-strain partitioning of ferrite and martensite 
as a function of applied strain for DP steel [18]. 
In summary, the deformation behaviour of dual phase steel can be divided into three 
stages [40, 88-90]: 
1) Elastic deformation of both phases according to Hooke’s law. (This phase is 
almost non-existent as due to residual stresses [83] parts of the ferrite phase 
start to yield at very low strain levels). 
2) Strain hardening of the ferrite in the vicinity of hard martensite islands. This 
high strain hardening rate is due to pre-existing dislocations as a result of the 
austenite to martensite transformation. During this stage, the stress partitioned 
into the martensite phase is relatively low due to stress relaxation by defor-
mation of the ferrite phase. Thus, the martensite only deforms elastically. 
3) Strain hardening of the ferrite (less than in stage 2) due to an increasing dislo-
cation density throughout the whole ferrite, generated by deformation. When 
the ferrite is sufficiently strain hardened the hard martensite phase also starts 
to deform plastically. 
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 Change in microstructure 
Current studies aim to enhance the DP microstructure to improve the material proper-
ties, such as material strength, uniform elongation and material hardness. There are 
several ways to alter the microstructure and change formability. Those include chang-
ing the martensite volume fraction, adjusting the carbon concentration in the marten-
site and grain refinement.  
Changing the martensite volume fraction 
The martensite content in DP steels can be adjusted by changing the A1 before quench-
ing. It is shown in Figure 2-17, that an elevated temperature prior to quenching will 
lead to an increased martensite volume fraction [67, 69]. Many studies investigated the 
effect of altering the martensite and ferrite volume fraction on the material strength 
and showed that increasing the martensite content will increase the yield strength, ul-
timate tensile strength and hardness proportionally [67, 69, 73, 89, 91, 92]. The higher 
material strength is a result of the higher stress partitioning in the DP steel (Figure 
2-18). As the work hardening rate in martensite is higher than in the ferrite the resulting 
stress in the two phase microstructure increases according to the rule of mixtures. [93] 
 
Figure 2-17 – Schematic Fe-C diagram showing the carbon solubility reduction of fer-
rite and austenite with increasing heat treatment temperature [67]. 
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Figure 2-18 – Increased tensile strength as a result of an elevated martensite volume 
fraction illustrated for five martensite volume fractions and compared with two indus-
trial DP steels [89]. 
Since the soft ferrite is giving the dual phase steel its formability, the ductility is 
generally reduced when the martensite content increases. Both Becker et al. [67] and 
Sodjit et al. [89] reported a significant reduction in uniform elongation of over 50 % 
when increasing the martensite volume fraction from 25 % to 60 %. This is in agree-
ment with Topcu et al. [94] who showed that for elevated intercritical temperatures 
the uniform and total elongation can decrease by over 60 %. This mechanism is due to 
the fact that deformation in DP steel mainly occurs in the soft ferrite phase. Thus in-
creasing the martensite volume fraction will highly increase the local stress concentra-
tion in the ferrite. This leads to earlier fatal cleavage and void formation at the ferrite-
martensite interphase as a result of localised plastic deformation [90, 93]. 
Changing of carbon concentration in the martensite  
Changing the martensite volume fraction will affect the carbon content in the marten-
site phase. The carbon solubility, with increasing A1 temperature of the ferrite and 
martensite phases before quenching is shown in Figure 2-17. The figure demonstrates 
that the carbon concentration in the martensite decreases with increasing martensite 
volume fraction due to the rule of mixtures [67]. Even though material hardness 
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increases with martensite volume fraction the carbon concentration and the micro-
hardness of the martensite phase reduces. [69, 95, 96] 
An elevated carbon concentration in the material increases the martensite strength and 
will increase the tensile strength of the material. This was demonstrated by 
Chen et al. [91] and Hansen [43] who showed that increasing the carbon content while 
maintaining the martensite volume fraction constant increases the ultimate tensile 
strength of the DP steel. Reducing the martensite hardness by decreasing the carbon 
concentration improves the ductility. This is due to the fact that decreasing the mar-
tensite hardness will lower the stress difference between the ferrite and the martensite 
phase (see Figure 2-20) and through that delays failure. [97-99] 
A different way to change the carbon content and the hardness of the martensite phase 
is by tempering. It has been reported that tempering the microstructure reduces the 
material’s tensile strength but increases uniform elongation [97, 98]. Sayed et al. [95] 
investigated the changes in ferrite and martensite micro-hardness of DP steel with tem-
pering temperature. It was shown that the martensite hardness reduces rapidly with 
increasing tempering temperature while that of the ferrite decreased only slightly. Dur-
ing tempering, iron carbides precipitate in the martensite phase (which transform into 
cementite with increasing tempering temperature and time). These precipitates lower 
the carbon concentration of the matrix, and the strength of the martensite reduces [95].  
Another effect of tempering the microstructure is the diffusion of excess carbon in 
ferrite to pin free dislocations, which makes them immobile. The drop of mobile dis-
locations in combination with a relief of residual stress increases the yield stress and 
changes the yielding behaviour towards discontinuous yielding as shown in Figure 
2-19. However, once the tempering temperature reaches 300 °C the effect of martensite 
softening has a larger influence than the effect of dislocation pinning in the ferrite. 
Thus a maximum yield stress can be measured for tempering temperatures around 300 
°C while at higher temperatures generally a yield stress reduction is observed. [95, 98, 
100] 
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Figure 2-19 – Schematic illustration of dislocation-pinning due to carbon diffusion 
during tempering and the resulting discontinuous yield behaviour. 
Microstructure morphology  
The strength of the martensite mainly depends on its carbon concentration [101], 
whereas the strength of the ferrite depends on the grain size. Park et al. [90] found that 
yield and ultimate tensile stress are considerably increased with grain refinement of 
the ferrite matrix. This is due to the fact that grain boundaries act as a barrier to dislo-
cation movement. Thus, increasing the number of grain boundaries increases the strain 
hardening rate [102]. Usually, the increase of material strength by grain refinement is 
accompanied by a deterioration of ductility, which is related to a loss of strain harden-
ing [103, 104]. However, recent studies have shown that this is not the case for DP 
steel where the strain hardening rate increases and the uniform elongation remains un-
changed with grain refinement [67, 105-107]. Grain refinement is, therefore, a prom-
ising method to achieve further strengthening in DP steels. 
Another approach to enhance the mechanical properties of DP steels has been 
investigated by Park et al. [90]. They experimentally changed the microstructure of a 
DP steel from ferrite with isolated martensite islands to a microstructure where the 
martensite surrounds the ferrite and forms a chain-like structure. It was shown that the 
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latter significantly improved the strain hardening rate and the ultimate tensile strength 
with only a small reduction in uniform elongation. This is due to the fact that the strain 
in the martensite phase during deformation is increased as a result of a change in strain 
partitioning between the ferrite and the martensite. This effect is illustrated in Figure 
2-20.  
 
Figure 2-20 – Schematic illustration of change in strain hardening due to a decreased 
strain partitioning between martensite and ferrite [90]. 
In a microstructure where the martensite surrounds the ferrite, the ferrite deformation 
is blocked by hard martensite walls. Thus the strain in the ferrite is reduced from A to 
A’ and the strain in the martensite needs to increase accordantly from B to B’. This 
results in an increased strain hardening rate and elevates the stress in the composite 
from C to C’. [90] 
2.3 Microstructure effects on forming behaviour during strain 
reversal 
Stamping is a discontinuous manufacturing process done on hydraulic or mechanical 
presses and is suitable to produce a wide range of automotive parts. Figure 2-21 shows 
a schematic of a stamping process in form of a draw-bend tests, consisting of a die, a 
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stamping punch, a blank holder and a blank. The blank holder supports the sheet by 
applying a predefined clamping force. During the stamping process, the punch moves 
up and draws the blank into the die [108]. During deformation, the sheet is subjected 
to a strain path change from stretch-bending to unbending when it is drawn over the 
die corner [17].  
 
Figure 2-21 – Schematic representation of the stamping setup. 
 Springback in metals 
Springback is a major shape defect in stamping and can be described as a geometry 
change which occurs at the end of the forming process. The impact of springback on 
the part geometry is shown in Figure 2-22 for a stamped B-Pillar, showing areas in red 
and blue which deflected in positive and negative direction during unloading. 
 
Figure 2-22 – Part deflection of a stamped B-Pillar without springback compensation 
[109]. 
The concept of springback in sheet forming is schematically shown in Figure 2-23. 
During deformation, the formed sheet is under tensile stress. When the part is released 
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from the external forming force of the forming tool the stress releases and the part 
deflects which changes the shape of the final form [110].  
 
Figure 2-23 – Schematic of springback for a sheet bending process. 
A fundamental understanding of the springback in sheet metals can best be obtained 
when outlining the material response in pure bending. 
Pure bending 
During pure bending, the strip of material is bent by a pure moment and the neutral 
axis is at half of the material thickness [111]. The bending process can be described as 
a relationship between the bending moment ( ) and the curvature (
 
 
). In the material 
model of elastic bending the stress depends only on the Young’s modulus (  ) and the 
bending strain (  ) [111]: 
 
  =    ∗    2-1 
The curvature and moment of the elastic limit when the stress on the outer fibre reaches 
the yield stress ( ) are shown in Figure 2-24. 
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Figure 2-24 – Moment-curvature diagram for elastic bending [111]. 
If the curvature increases beyond the limiting elastic curvature, material deformation 
becomes plastic. For this condition, an elastic-perfectly plastic model is often used. 
Figure 2-25 schematically presents the expected stress through the thickness during 
bending for an elastic-perfectly plastic sheet. 
 
Figure 2-25 – Stress distribution for an elastic-perfectly plastic sheet bent without ten-
sion [111]. 
With   =
 ∗  
 
, the bending moment per unit width of an elastic-perfectly plastic sheet, 
displayed in Figure 2-26, can be written as 
 
  =  
  ∗   
12
(3 −   ) 2-2 
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Figure 2-26 – Moment-curvature diagram for an elastic-perfectly plastic material 
[111]. 
Springback after bending 
After unloading the bending moment, a fully plastic formed sheet will spring back. 
This produces a change in bending angle ( ) by ∆  towards the original state of the 
sheet [111] as shown in Figure 2-27. 
 
Figure 2-27 – Springback of a sheet after pure bending [111]. 
The relationship between change in bending angle and curvature can be described by:  
 
∆ 
 
=
∆  
1
  
 
1
  
 2-3 
The resulting moment-curvature diagram is shown in Figure 2-28. 
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Figure 2-28 – Moment, curvature diagram for an elastic, perfectly plastic sheet show-
ing unloading from a fully plastic moment [111]. 
Combining the relationship between the elastic and the plastic bending moment and 
Eq. 2-3 we get: 
 
∆  ≈ −
3 ∗   ∗   ∗   
   ∗  
 2-4 
Eq. 2-4 indicates that the change in bending angle due to springback is proportional to 
the flow stress and inversely proportional to the material thickness and the Young’s 
modulus. It is therefore expected that an increase in material strength or a decrease in 
Young’s modulus will increase the springback after forming. This can be observed for 
the stress-strain response of an uni-axial tensile test. The impact of tensile strength and 
the Young’s modulus on the springback are illustrated in Figure 2-29. The comparison 
of DP590 with DP980 illustrates that an increased flow stress leads to an increase in 
springback. Therefore, it is obvious that the consideration of springback for the devel-
opment of forming processes is especially important when forming AHSS [112]. By 
comparing the stress-strain response of aluminium with that of steel during unloading 
it can be seen, that even though aluminium has lower material strength, the springback 
is larger due to its lower Young’s modulus.  
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Figure 2-29 – Schematic showing that the level of springback depends on the material 
strength and Young’s modulus [113]. 
As shown in Figure 2-22 for the example of a stamped B-Pillar, springback can lead 
to unacceptable profile inaccuracy. One option to compensate for springback is by 
overforming the material. Figure 2-30 a) shows the principle of springback compen-
sation to achieve the desired shape by overforming the material before unloading. In 
stamping material overforming can be done by tool design. The resulting reduction in 
springback for the stamped B-Pillar is shown in Figure 2-30 b). 
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a) 
 
b) 
 
Figure 2-30 – Springback compensation by overforming; a) schematic of overforming 
to achieve the desired part geometry, b) increase in part accuracy for a stamped B-
Pillar [109]. 
To account for springback when designing forming tools, accurate information about 
the level of springback is necessary. For simple forming operations, Eq. 2-4 can be 
used to estimate the springback. Nowadays, finite element analysis (FEA) is a standard 
tool to determine the necessary amount of over-forming required by simulating 
material forming behaviour and springback in stamping. The FEA accuracy highly 
depends on the accuracy of the material model that is used to represent material be-
haviour [7]. It has been recently shown that there is a degradation in Young’s modulus 
of AHSS after deformation [2-7] and that this needs to be included in numerical mate-
rial models to accurately predict springback. 
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As the Young’s modulus is a physical constant of fixed value, the modulus measured 
after plastic deformation is from here on referred to as the ‘apparent Young’s modulus’ 
and its reduction compared with the initial Young’s modulus as the ‘change in the 
apparent Young’s modulus’. 
Eggertsen and Mattiasson [7] stated that the degradation in the apparent Young’s mod-
ulus with plastic deformation has the single biggest impact on the accuracy of spring-
back predictions made with FEA. The change in the apparent Young’s modulus with 
plastic deformation has been included in various numerical models of sheet forming 
operations such as the V-bending [13, 114], the pure bending [114], the roll forming 
[14], the stamping [115] and the U-bending [7] process and led to improved accuracy 
of springback predictions. Material model generation was generally done by fitting the 
Yoshida equation [17] to the experimentally measured reduction in the apparent 
Young’s modulus with forming strain and followed by the implementation of the 
resulting equation in the material model. 
For this the change in the apparent Young’s modulus with forming strain needs to be 
determined for each material individually as the level of change varies between 
microstructures (as will be later shown in Section 2.3.2). This requires extensive 
experimental work. A better approach could be to generate a fundamental 
understanding of the reduction in the apparent Young’s modulus. This could allow 
predicting the amount of apparent Young’s modulus reduction, where basic micro-
structure parameters and material composition are known. This could render time ex-
tensive experimental Young’s modulus determination unnecessary. In addition, fun-
damental understanding could also lead towards DP alloy development with improved 
forming behaviour, i.e. reduced springback tendency. 
 Change in the apparent Young’s modulus 
As outlined above, recent springback studies revealed that the Young’s modulus meas-
ured after deformation is lower compared with that determined during initial loading. 
The change in Young’s modulus is often studied by loading-unloading experiments. 
The stress-strain response of one of those tests is shown in Figure 2-31.  
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Figure 2-31 – Stress-strain response of a DP600 obtained from loading-unloading test 
with a close-up of an unloading-loading test cycle [15]. 
The change in the apparent Young’s modulus in most studies has been determined by 
measuring the chord modulus which is defined as the slope of the tensile stress-strain 
curve before and after unloading [1, 3, 6, 7, 9, 12, 15]. Those studies have shown that 
the chord modulus decreases with increasing stress or pre-strain before it reaches a 
saturation point, after which no further reduction takes place. This degradation in chord 
modulus has been observed for many steels but is more pronounced in DP steels (Fig-
ure 2-32) where the level of reduction significantly varies between material grades and 
studies as it is shown in Figure 2-33 [1, 3, 4, 6, 11, 15-17]. 
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Figure 2-32 – Evolution of apparent Young’s modulus with pre-strain [16]. 
 
Figure 2-33 – Reduction in chord modulus of DP steel as a result of pre-strain reported 
in the literature [1, 3, 4, 6, 7, 9, 12, 15, 17]. 
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Yoshida et al. [17], Chongthairungruang et al. [1], Govik et al. [15] and Kim et al. [6] 
showed that the chord modulus of DP590 decreases between 18 and 22 % before sat-
uration is reached. In contrast, Eggertsen and Mattiasson, as well as Lim et al., ob-
served significantly higher chord modulus reductions of 27 to 28 % for DP590 [7, 9]. 
Chongthairungruang et al. [1] found for DP780 steel that the chord modulus reduces 
by only 15 %; this differs from Cobo et al. [3] who determined a reduction in chord 
modulus of 21 % while in Kim and Kimchi’s study it reduced by 28 % [12]. Sun and 
Wagoner [4] showed a reduction in chord modulus of approximately 30 % for DP980; 
this is significantly higher than reported by Cobo et al. [3] who observed a chord mod-
ulus reduction of only 14 % for the same steel grade. A recent study by Chen et al. 
[116] investigated a variety of DP600 and DP980 steels. They found that there is no 
significant difference in chord modulus reduction between the different materials and 
concluded that the unloading behaviour of DP steel only depends on the flow stress at 
unloading. 
In general, the chord modulus of DP steel decreases rapidly during the first stage of 
plastic deformation, as shown in Figure 2-32. This is followed by a stabilisation with 
increasing deformation [3, 6, 15, 17] at a specific saturation strain. If the saturation 
strain is determined as the pre-strain level at which the apparent Young’s modulus is 
reduced to its final value (using a ± 0.2% offset as indicated in Figure 2-32 and later 
outlined in more detail in Section 3.2.8), comparison of previous literature shows that 
this saturation strain varies significantly between studies and material grades. The pre-
strain level of apparent Young’s modulus saturation, varies from 3 % to 8% [3, 6, 9, 
12, 16, 17], as illustrated in Figure 2-34. Some studies did not observe a saturation in 
the apparent Young’s modulus for a strain range up to 8% [1], 12 % [15] and 15 % [7] 
of tensile pre-strain. 
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Figure 2-34 – Saturation strain at which the apparent Young’s modulus is reduced to 
its final value [1, 3, 6, 7, 9, 12, 15-17]. 
The high variation in results between studies performed on DP grades of similar 
strength suggests that the reduction in modulus is not just related to the material 
strength as suggested in [116] but also a function of microstructural variables. So far 
studies investigating the reduction in the apparent Young’s modulus in DP steels were 
limited to industrial steel grades that had similar strength but were different in chemi-
cal composition and microstructure. This does not allow developing a fundamental 
understanding of the impact of microstructure parameters (such as martensite volume 
fraction and martensite phase hardness) on the springback behaviour. To achieve a 
fundamental understanding a principle study needs to be conducted to answer the 
following question: 
How does the microstructure influence the unloading behaviour of DP steel? 
 Inelastic unloading 
To understand the observed reduction in the apparent Young’s modulus, the stress-
strain response during unloading has to be further examined.  
As discussed in Section 2.3.1, in theory, the springback after deformation is assumed 
to follow a linear path with the material’s Young’s modulus as the gradient. However, 
as schematically shown in Figure 2-35, the unloading curve of metal after deformation 
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deviates from the slope of the initial loading curve that is associated with a constant, 
initial Young’s modulus,   . This leads to a non-linear unloading as the result of an 
additional ‘micro-plastic’ unloading strain [5] which lowers the measured Young’s 
modulus during unloading.  
 
Figure 2-35 – Schematic of a stress-strain curve during unloading after plastic defor-
mation illustrating the deviation from the initial Young’s modulus and the resulting 
additional unloading strain. 
This additional unloading strain has been associated over the years with various 
mechanisms. Second order inelasticity by atomic bond stretching and bond bending is 
one of the earliest proposed mechanism to explain the non-linear unloading [117-119]. 
During material deformation the atomic bond spacing is distorted i.e. the distance be-
tween atoms is changed. This changes the attracting force between the atoms which 
results in a reduction of the elastic modulus as less force is needed to elastically 
elongate the material [119]. It was later shown that this mechanism is by an order of 
magnitude too small to account for the effects observed in DP steels [4].  
Damage evolution during material deformation is another proposed mechanism [120, 
121]. The observation of cavities and cracks in materials was related to the degradation 
of stiffness. However, these void formations do not occur until higher pre-strain levels 
are reached and this mechanism predicts little to no effect on the apparent Young’s 
modulus for small strain ranges within a few percent of pre-strain. Some previous 
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studies have shown that the major degradation of the apparent Young’s modulus hap-
pens in the first 3 % of tensile pre-strain [1, 3, 6, 9, 12, 16, 17]. Thus material damage 
cannot account for the effects observed in DP steels.  
It was also found that twinning and de-twinning can cause a reduction in Young’s 
modulus [122]. With increasing plastic strain twin nucleation was experimentally ob-
served for a magnesium AZ91 alloy. These twins can expand during unloading result-
ing in a small amount of plasticity. Twinning is, however, is not present in DP steels 
and can therefore not explain the reported reduction in the apparent Young’s modulus.  
The two mechanisms which to date are most commonly used to describe the micro-
plastic unloading strain in DP steels are residual stresses arising from stress-strain 
partitioning [8, 18, 19, 123] and dislocation movement in form of pile-up and repulsion 
[5, 20-27, 124]. 
Inelastic unloading as a result of residual stresses 
Zhonghua and Haicheng explained the inelastic unloading behaviour by taking into 
account the different stresses in each phase of a composite during deformation [8, 123]. 
As explained in Section 2.2.5, DP experiences stress-strain partitioning during defor-
mation, which results from the strength difference of ferrite and martensite [18, 86]. 
Zhonghua and Haicheng explained that this stress-strain partitioning also occurs 
during unloading, where the softer phase will experience residual compressive stresses 
while the hard phase develops residual tensile stresses. They suggest that these residual 
stresses facilitate yielding in the ferrite in the vicinity of coarse martensite particles 
due to an increase in localised stress. The localised plastic deformation of ferrite leads 
to a micro-plastic strain. This additional strain results in a non-linear unloading 
behaviour and decreases the apparent Young’s modulus [8, 123]. This process is 
schematically shown in Figure 2-36. Figure 2-36 a) shows the micrograph of a DP 
steel with 16 % martensite. The area marked with a blue square is displayed as a two-
phase mesh in Figure 2-36 b), showing martensite in grey and ferrite in white. The area 
inside the red square was used to describe the reverse yielding in ferrite and is dis-
played in Figure 2-36 c), the white area displaying the martensite regions while ‘A’, 
‘B’ and ‘C’ represent different regions in the ferrite grain. The corresponding stress-
strain curve is displayed in Figure 2-36 d). The small area of zone ‘A’ yields first 
during unloading, due to its proximity to a coarse martensite particle. This results in 
the first deviation from the linear unloading slope. The large zone ‘B’ yields next due 
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to its specific shape or proximity to the martensite phase which further decreases the 
steepness of the unloading slope and lowers the apparent Young’s modulus. Once the 
material is fully unloaded zone ‘C’ starts to enter the plastic state. 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 2-36 – Schematic of the inelastic unloading as a result of residual stresses; a) 
DP micrograph; b) mesh of the investigated area, c) close-up of the meshed region 
showing areas of ferrite that experience reverse yielding during unloading, d) the 
resulting unloading stress-strain curve displaying the variation from elastic unloading. 
[8, 123]. 
Inelastic unloading as a result of dislocation movement 
Recent studies associated the existence of additional micro-plastic strain during un-
loading with in-grain dislocation movement. This is schematically shown in Figure 
2-37. As outlined in Section 2.2.5 the martensite transformation during DP steel pro-
duction introduces mobile dislocations into the ferrite phase (Step 1). During 
deformation, more dislocations are generated and all mobile dislocations can move 
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along slip planes until they reach a grain boundary and pile-up or entangle in disloca-
tion cells, as the material work hardens (Step 2-3) [23, 27, 29, 30, 84]. During unload-
ing these dislocations are no longer held in place and move in reverse direction once 
the external force is released and the stress in the material drops (Step 4); this results 
in micro-plastic strain, thus decreasing the apparent Young’s modulus [5, 22, 25, 26, 
124].  
 
Figure 2-37 – Schematic of the inelastic unloading as a result of dislocation move-
ment. 
Only a few studies have focused on experimentally verifying the mechanisms de-
scribed above; those are outlined below. All other studies were limited to quantitative 
work focusing on describing the effect of dislocation pile-ups and micro-plastic strain 
[27-30] and the modelling of the inelastic unloading of DP steel by implementing the 
mechanics described [4, 15, 21, 31, 32].  
Yang et al. [24] performed nano-indentation tests in mild steel to show that the 
Young’s modulus decreases towards the grain boundary (Figure 2-38). They con-
cluded that this is the result of mobile dislocations and the corresponding dislocation 
pile-ups near the grain boundaries. However, previous studies showed that the elastic 
modulus determined by means of nano-indentation also varies with surface roughness 
[125] and grain orientation [126] and therefore cannot be directly related to the elastic 
modulus measured in uni-axial tensile testing. 
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Figure 2-38 – Effect of proximity to grain boundary on the elastic modulus measured 
by nano-indentation [24]. 
Mompiou et al. [33] performed in situ loading-unloading experiments in a transmis-
sion electron microscope (TEM) and showed that in ultra-fine grained aluminium dis-
locations pile-up against grain boundaries and move back during unloading. However, 
no correlation was made towards the reduction in the apparent Young’s modulus, nor 
was a plastic unloading strain determined. 
Benito et al. [22] correlated the reduction in the apparent Young’s modulus in pure 
iron to an observed increase in dislocation density with higher pre-strain. At higher 
pre-strain, the Young’s modulus recovered. This was associated with the formation of 
dislocation cell structures which reduced the number of dislocations that can move or 
bow out. In this study, micrographs were only taken after unloading from various pre-
strain levels and no dislocation motion could therefore directly be observed to prove 
this mechanism.  
None of above studies focused on DP steels. These steels consist of a unique hetero-
geneous microstructure and the mechanism that lead to non-linear unloading might, 
therefore, be different. Additional fundamental microstructure analysis performed on 
DP steel is needed to verify and fully understand the mechanisms responsible for the 
reduction in the apparent Young’s modulus. One of the reasons why no such study has 
been performed yet may be that dislocation investigations are traditionally carried out 
by Transmission Electron Microscopy (TEM) analysis. The thin foils necessary for 
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diffraction contrast imaging are difficult to prepare and may lead to a complex stress 
state associated with random thinning holes. The small sample size also constraints 
from in situ deformation studies of the bulk material [75, 76]. However, the recent 
development of the ECCI technique (Section 2.2.4) may provide a possibility to ex-
perimentally investigate the two mechanisms that have been associated with the re-
duction in the apparent Young’s modulus in previous studies. 
This work, therefore, aims to answer following questions: 
Can the mechanisms that lead to a reduction in the apparent Young’s modulus in 
DP steels be identified with ECCI? 
Which mechanism (and to what extent) is responsible for the reduction in the ap-
parent Young’s modulus? 
 Material behaviour during strain reversal 
As outlined above (Figure 2-21) stamping often involves bending and unbending of 
material which results in a strain-path change. Previous studies investigating strain-
path reversal have shown that the material deforms easier in a reverse direction com-
pared with initial forming [17, 127, 128]. This effect is known as the Bauschinger 
effect and is characterised by two distinct stress-strain responses. One is the transient 
behaviour which displays in a smooth transient stress-strain response and early re-
yielding. It can be seen in Figure 2-39 that the material yields at lower stresses in 
compression than in tension after strain reversal. In addition, even materials which do 
not show transient yielding behaviour in forward straining show a smooth elastic-plas-
tic transition after strain reversal. The other response associated with the Bauschinger 
effect is the permanent softening. Permanent softening reduces the flow stress of the 
material below that expected in monotonic tension at the particular level of equivalent 
plastic strain. This is schematically shown in Figure 2-39 by comparing the stress-
strain response after strain-path reversal (black line) with that expected by isotropic 
hardening law (red dotted line). 
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Figure 2-39 – Schematic reverse loading curve to illustrate the Bauschinger effect, 
transient behaviour and permanent softening (dotted line: isotropic hardening predic-
tion) [129]. 
Over the years the Bauschinger effect has been thoroughly studied for DP steels [17, 
123, 129-133] and the material response after strain reversal in terms of yield onsets 
and deformation stresses has been investigated. To successfully model a sheet forming 
process that includes strain-path changes, ideally, not only the Bauschinger effect but 
also the effect of the apparent Young’s modulus change has to be taken into account. 
However, little is known about the effect of strain-path reversal on the change in the 
apparent Young’s modulus. Previous studies that modelled springback after strain-
path reversal [134, 135] used the apparent Young’s modulus obtained in tension, i.e., 
assumed that the change in the apparent Young’s modulus is independent of the strain-
path. Even though the models ‘provided acceptable agreement with the experimental 
results’, it is to date unclear if this is a valid assumption.  
Only one study investigated the effect of a strain-path reversal on the change in the 
apparent Young’s modulus [17]. This study suggested that the apparent Young’s mod-
ulus is independent of the direction of the strain applied and is a simple function of 
accumulated plastic strain. However, only 2 samples and only one pre-strain level were 
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tested. This does not allow to identify any trends or to determine a possible apparent 
Young’s modulus saturation. The question which therefore needs to be answered is: 
What is the effect of strain-path reversal on the reduction in the apparent Young’s 
modulus? 
2.4 Summary 
Dual phase (DP) steels have frequently been used in automotive parts due to their 
unique work hardening behaviour and a good combination of strength and ductility. 
The high ultimate tensile strength of AHSS, and in particular DP steels, results in a 
large elastic recovery after forming, known as springback. To predict this, it is im-
portant to have good information on the elastic modulus. Several previous studies have 
shown that unloading of DP steel after deformation is non-linear and that the apparent 
Young’s modulus measured during unloading is lower compared with that determined 
during loading. It was further shown, that the apparent Young’s modulus decreases 
with increasing stress or pre-strain before it reaches a saturation point, after which no 
further reduction takes place; the level of the overall chord modulus degradation varies 
significantly between material grades and studies.  
So far previous studies have been limited to investigating industrial steel grades with 
similar strength but different in chemical composition and microstructure. The com-
parison of those studies suggests that the reduction in modulus and the saturation of 
this reduction depends on the microstructure of the material and is not just related to 
material strength. Nevertheless, given the significant differences in microstructure and 
composition of DP grades investigated in those studies a fundamental understanding 
of the effect of the microstructure on the unloading behaviour could not be established.  
Inelastic unloading and the reduction in the apparent Young’s modulus are a result of 
an additional micro-plastic unloading strain. Various mechanisms are proposed to ex-
plain the micro-plastic strain observed for multiphase steels. The two mechanisms 
most consistent with experimental results are residual stresses arising from stress-
strain partitioning and dislocation movement in form of pile-up and repulsion. Both 
mechanisms are plausible and are used to date to explain the inelastic unloading in 
most DP steel studies. However, only a few studies have focused on experimentally 
verifying the mechanisms described above. 
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Stamping operations often involve strain-path reversals. Previous studies modelled 
springback after strain-path reversal with ‘acceptable’ success, using the apparent 
Young’s modulus obtained in tension. This assumes that the change in the apparent 
Young’s modulus is simply a function of accumulated plastic strain and independent 
of direction. Up to now it is unclear if this is a valid assumption or if the apparent 
Young’s modulus changes with strain-path reversal. 
Thus there is a gap in knowledge on the effect of microstructure and strain-path on 
the unloading behaviour of DP steel. This knowledge is necessary to develop a 
deeper understanding of the springback behaviour and may lead to improved model 
accuracy and the development of microstructures with optimised forming behaviour. 
To gain this knowledge, the effect of microstructure parameters on the unloading 
behaviour has to be identified, the cause for the apparent Young’s modulus reduc-
tion experimentally studied and the impact of strain reversal on the unloading 
behaviour of DP steels investigated. 
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 Materials and material characterisation 
The following chapter will introduce the materials and basic experimental techniques 
used in this work.  
3.1 Materials  
The materials of the current study are a range of dual phase (DP) steels originating 
from the same industrial DP780 steel. The chemical composition analysed by atomic 
emission spectroscopy can be found in Table 3-1.  
Table 3-1 – Chemical composition of the commercially purchased DP780 measured 
by atomic emission spectroscopy (wt%). 
Fe C Mn Ni Al V Sn Cu Cr Si As 
96.9 0.107 1.93 0.0023 0.0312 0.0037 0.0072 0.0084 0.0201 0.901 0.009 
The phase fractions in relation to the heat treatment temperature, predicted by 
Thermocalc [136], for the present chemical composition, are displayed in Figure 3-1. 
The heat treatment temperatures (displayed in Figure 3-2) were chosen to produce DP 
microstructure with a variation of martensite volume fraction between 20 - 60 %. The 
lowest temperature was set to 710 °C for M1. Even though this is below the intercritial 
temperature in the equilibrium Fe-C diagram, the material was heat treated in the 
austenite-ferrite two-phase area. This is due to alloying elements in the as-received 
material (e.g. Ni, Mn) which alter the Fe-C phase diagram and lower the Ac1 tempera-
ture. Thus the performed heat treatments all aimed at producing a fully ferritic–mar-
tensitic microstructure with different combinations of phase fractions.  
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Figure 3-1 – Predicted phase fractions in relation to the heat treatment temperature. 
In total, five initial heat treatments were chosen, followed by two tempering processes 
which led to seven different DP microstructures. A schematic of the heat treatment 
schedules can be found in Figure 3-2. 
 
Figure 3-2 – Heat treatment cycles performed to obtain Material grades M1, M1.5, 
M2a, M2b, M2c, M3 and M3.5. 
To conduct the heat treatments, the as-received DP780 material was cut into 
200 mm x 150 mm sheets. Using a crubicle Tetlof (HFTF-1700C) high temperature 
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muffle furnace (Figure 3-3 a)), the DP780 sheets were heat treated at five different 
intercritial annealing temperatures. The material was held at 710 °C (M1), 730 °C 
(M1.5), 770 °C (M2a), 800 °C (M3) and 820 °C (M3.5) for 900 seconds followed by 
water quenching.  
During water quenching the cubic face-centred austenite structure is cooled and the 
body-centred cubic structure of martensite becomes more energy efficient, generating 
a driving force for the phase transformation. Due to the change in structure, the aus-
tenite experiences a volume increase of around 3 % when transforming into martensite, 
which leads to residual stresses and a high dislocation density close to the martensite 
islands (Section 2.2.5). The transformation from austenite to martensite occurs in-
stantly, as soon as the driving force is higher than the stresses necessary for the change 
in crystal structure (once the material cools below the martensite start temperature). 
The change in volume led to a slight distortion of the heat-treated sheets, as shown in 
Figure 3-3 c). 
After water quenching, M2a samples were subjected to two different tempering treat-
ments in a FH24H sand bath fluidised bed furnace from BHP Research (Figure 3-3 b)). 
The material was held at 300 °C (M2b) and 500 °C (M2c) for 600 seconds followed 
by air cooling.  
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a) 
 
 
b) 
 
 
 
c) 
 
Figure 3-3 – Furnaces used for heat treatments, a) High-temperature muffle furnace, 
b) Sand bath fluid bed furnace, c) Sheet distortion as a result of the water quenching. 
 Phase fraction analysis 
To analyze the phase fractions of the microstructures produced the materials were pre-
cut on a Struers Accutom 50-1 and hot mounted using polyfast. The samples were then 
ground using grinding paper with a grit size of 240 µm, 600 µm and 1200 µm in se-
quence, and were polished using 6 µm, 3 µm and 1 µm polishing fluid. Afterwards the 
materials were etched in 5 % nitric acid (5 ml HNO3 in 95 ml ethanol) for up to 120 sec-
onds (depending on the material) to reveal the microstructures. The microstructures of 
Chapter 3  55 
 
all seven material grades were analysed using an Olympus light microscope BX51M. 
Using a 200 point square grid on three microstrcture images per sample, the martensite 
volume fractions were determined by systematic manual point count [137]. 
To ensure that the produced microstructures did not contain any retained austenite, X-
ray diffraction (XRD) was performed for qualitative phase analysis. This was done on 
the M1 and the M3 material using square polished 10 mm by 10 mm samples. Accord-
ing to the ASTM standards [138] the volume fraction of retained austenite (  ) in steels 
can be calculated from the peaks in the X-ray pattern using Eq. 3-1: 
 
   =  
1
 
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In this equation    is the intensity of the incident beam, q the number of investigated 
austenite peaks and p the number of investigated ferrite or martensite peaks. The R-
value (  ) represents the calculated intensity for the respective peak and includes fac-
tors that change with phases and X-Ray diffraction peak position such as the Lorentz 
polarization factor, the Debye-Waller factor and the volume of the unit cell [138].  
 Grain Size evaluation 
The average ferrite grain size of the materials was determined by measuring 250 ferrite 
grains for each material. For this, three microstructure SEM images for each material 
were imported into the software ImageJ [139]. A grid with horizontal and vertical lines 
was overlaid to allow grain size analysis in rolling and transverse direction. The inter-
secting points of these lines with the ferrite grain boundaries were noted and the length 
in pixels for all intersected ferrite grains calculated. These values were then converted 
into µm by measuring the pixel length of the scale of the SEM images. The measured 
ferrite grain sizes were averaged for each material, and their standard deviations were 
determined. 
3.2 Material characterisation 
 SEM 
To analyze the produced material microstructures, samples were polished at 6 µm, 
3 µm and 1 µm followed by OPS to expose the microstructure for SEM investigation. 
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The microstructure imaging was performed on a Joel SEM with a secondary electron 
detector (SED). The beam accelerating voltage was set to 20 kV with an extra 2 kV 
positive bias on the sample resulting in a total of 22 kV difference in charge.  
 In-situ loading unloading experiments 
The Kammrath & Weiss tensile test setup [140] shown in Figure 3-4 b) was used to 
perform in-situ tests inside the chamber of a Zeiss Supra 55VP SEM. The setup has 
two clamps connected by two lead screws with opposite pitch at their ends. The lead 
screws turn in synchronism driven by a belt driven gear powered by an attached 20W 
DC electromotor. They are down geared at a ratio of 1:1600 from the motor to a lead 
screw. With the opposite direction of the pitch at the ends, this movement makes the 
clamps move away from or towards each other. A 5 kN load cell type TC1 is attached 
to one clamp to measure the deformation force. The sample extension is determined 
using a displacement gauge in form of a linear variable differential transformer 
(LVDT) which is mounted to the side of the clamps parallel to the lead screws. The 
plunger of the LVDT captures the movement of both clamps and measures the entire 
sample extension during deformation.  
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a) 
 
b) 
 
Figure 3-4 – In situ loading-unloading test setup; a) schematic of specimen with di-
mension in mm, b) schematic of the tensile stage. 
Tensile specimens with a gauge length of 7.9 mm and a width of 2 mm, as illustrated 
in Figure 3-4 a), were cut in rolling direction by wire cutting. The samples had to be 
ground down from the original thickness of 2 mm to approximately 1.55 mm to ac-
count for the limited clamping strength applicable in the in situ tensile rig. Once the 
thickness was reduced the samples were polished as described in Section 3.2.1 with 
the OPS step set to 1 min to allow for microstructure observations during the defor-
mation study. The sample clamping area was roughened after polishing to increase the 
friction between the sample surface and the clamps (Figure 3-5 a)). To establish a re-
lation between the clamp movement and the tensile strain conventional tensile tests 
were performed (as described in Section 3.2.4) and the results compared with those 
established in the in-situ test. 
For the actual experiment, the tensile stage was inserted into the Zeiss Supra SEM and 
moved until the electron gun was aligned with the centre of the specimen (Figure 
3-5 b)) and a working distance of about 5 mm was obtained. This centered the tip of 
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the electron gun between the two clamps of the tensile stage. A grain of interest was 
chosen and aligned with the electron beam. 
During the test, the clamp was moved to the extensions that correlated with approxi-
mately 1 %, 2 %, 3 % and 4 % of tensile strain. Once these extensions were reached 
the sample was unloaded to 0 force and reloaded afterwards to the next strain level. At 
the four strain values as well as after each unloading step the tensile test was stopped 
and the motor disengaged to allow for microstructure imaging.  
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a) 
 
 
b) 
 
Figure 3-5 – In situ loading-unloading test setup; a) polished specimen with rough-
ened clamping area, b) in situ stage inserted in the SEM underneath the electron gun. 
Dislocation investigation using ECCI 
Electron channelling contrast imaging (ECCI) was used to analyse the dislocation 
structure of the investigated material. The contrast of an ECCI image is dependent on 
the amount of detected back scattered electrons which are a function of the angle be-
tween the crystallographic orientation and the electron beam.  
An effect which has to be considered when performing ECCI is the invisibility criteria 
 
  ∗   = 0 3-2 
Which in case of edge dislocations can be rewritten to 
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  ∗   ×   = 0 3-3 
Where   is the dislocation Burgers vector and g is the normal to the ECCI channeling 
planes. Good ECCI conditions are obtained when the electron beam and crystal grid 
are aligned. As dislocations are lattice defects and produce imperfections in the crystal 
grid, they increase the amount of detected back scattered electrons and near surface 
dislocations appear as white lines in ECCI images. However, when the burgers vector 
of a dislocation and the electron beam fulfil the invisibility criteria, the dislocation will 
not be captured by backscattered electron [81].  
The detection of dislocations depends, therefore, not only on the angle between the 
crystal lattice and the incoming electron beam but also the angle between the burgers 
vector and the electron beam. Given the high number of dislocation investigated in this 
study, it is likely that some near surface dislocations are not visible as they and the 
electron beam fulfil the invisibility criteria and will not be captured by the backscatter 
electron detector [81]. ECCI is, therefore, limited regarding dislocation density 
analyses. However, the high contrast change produced by a dislocation allows for 
tracking of dislocation movement. To further improve the contrast and simplify the 
analysis of dislocation movement, particularly dark grains (grains where the electron 
beam aligns with the crystallographic orientation) were chosen in this study. As the 
deformation in DP steel mainly occurs in the soft ferrite phase [90, 93] the ECCI in-
vestigation was limited to the ferrite grains. A working distance of 5 mm was chosen, 
as the diffracted electrons, detected by the BSE detector, are low angle electrons 
(backscattered electrons emitted from the sample with a large angle to incident elec-
trons (low take-off angle)); thus a smaller working distance increases the amount of 
captured backscattered electrons and improves the quality of the ECCI images. 
 Nano-hardness tests 
To investigate the phase hardness nano indentation was performed using a Hysitron 
TI950 Tribo-Indenter. Rectangular samples of 10 mm by 15 mm were polished at 
6 µm, 3 µm and 1 µm followed by a short 1 min OPS step. No mounting was required 
as the samples were directly attached to the magnetic surface of the sample stage; this 
avoided any measurement errors which could occur from the compression of the sup-
porting mount. The indents were produced using a 3-sided pyramid shaped Berkovich 
indenter. The indentor was previously calibrated using a fused quartz standard sample 
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(PN: 5-0098). The schematic of the test setup and the indenter used are shown in Figure 
3-6. 
a) 
 
b) 
 
 
Figure 3-6 – Hysitron nano hardness tester; a) schematic of test setup, b) schematic of 
3 sided Berkovich indenter tip. 
The measurements were conducted using the low force transducer to achieve accurate 
results in the low force range. The peak force was limited to 3000 µN and a loading 
curve of trapezoidal form was chosen, with a dwell time of 10s. For each material 
grade, a grid of 20 x 20 imprints was produced on the sample surface with an offset of 
10 µm between imprints.  
The hardness (  ) in GPa at the point of the imprint   was calculated with 
 
   =  
  
  
 3-4 
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Here,    is the peak force and    describes the contact area between the indenter and 
the sample. The hardness data of all imprints was then imported into Origin 2014. A 
frequency count (which is a measure of the number of times an event occurs in a given 
interval) was performed with an interval size of 0.1 GPa, determining the number of 
imprints for each interval. 
 Tensile testing 
Tensile specimens with the dimensions given in Figure 3-7 were cut in the rolling 
direction using a CNC-milling machine.  
 
Figure 3-7 – Dimensions of the tensile specimen in mm. 
The tensile tests were performed in a servo-hydraulic testing machine (Instron make) 
with a 30 kN load cell. All tests were performed at room temperature with a cross-head 
speed of 2 mm/min to give an initial strain rate of 1.3*10-2 s-1 producing a quasi-static 
deformation process.  
Each material was tested three times. The engineering strain (ε ) was measured using 
a non-contact video extensometer and the engineering stress (σ ) calculated using the 
measured load   [ ] from the load cell and the initial gauge section. A schematic 
stress-strain response is displayed in Figure 3-8. The uniform elongation (   ) and the 
tensile strength (   ) were determined at the point of maximum engineering stress. As 
the material shows a continuous elastic – plastic transition the yield stress (   ) was 
determined with the 0.2 % offset method. The true stress (σ ) and true strain (ε ) were 
then calculated as 
 
ε  = ln  (1 + ε ) 3-5 
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σ  =
F
w ∗ t
(1 + ε )  
3-6 
 
Figure 3-8 – Stress-strain response, showing the transient elastic-plastic transition and 
the measured values. 
 R - value 
To determine plastic anisotropy a second set of the tensile specimens was cut parallel, 
transverse and diagonal to the rolling direction. The uniaxial tensile tests were stopped 
at 10 % of engineering strain and the sample width was measured manually using a 
Vernier caliper. The r-value ( ) or anisotropy factor is defined as the width ( ) to 
thickness ( ) strain ratio as shown in Eq. 3-7. As it is difficult to measure the strain in 
thickness direction of a thin sheet volume constancy (Eq. 3-8) has been used to calcu-
late the r-value for all directions from the change in width ( ) and length ( ) (Eq. 3-9). 
 
  =  
ln( 
  
  
)
ln( 
  
  
)
 3-7 
 
   ∗    ∗    −    ∗    ∗    = 0 3-8 
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  =  
ln( 
  
  
)
ln(
   ∗   
   ∗   
)
 3-9 
The planar anisotropy coefficient (  ) and the average r-coefficient (  ) were deter-
mined using Eq. 3-10 and Eq. 3-11. 
 
   =
   + 2 ∗     +    
4
 3-10 
 
   =
   − 2 ∗     +    
2
 3-11 
 The initial Young’s modulus 
The tensile samples were slightly distorted due to the austenite-martensite transfor-
mation during quenching of the heat treated DP sheets. At the start of the tensile test 
the sample re-straightened and this led to measurement errors during the initial stage 
of tensile testing and a high scatter in Young’s modulus measurements. Thus, it was 
not possible to accurately measure the initial Young’s modulus with above set up. 
Sample distortion was not a problem during the measurement of the apparent Young’s 
modulus, given that after pre-straining samples were straight. The initial Young’s 
modulus was therefore determined with impulse excitation of vibration [141]. Within 
the limitations of this study this could only be done for five of the microstructures (M1, 
M2a, M2b, M2c and M3). For each of the microstructures two samples were tested 
with five measurements taken per sample resulting in a total of 50 measurements. This 
gave an overall averaged Young’s modulus of 215 GPa, as shown in Figure 3-9, which 
is within ± 3 GPa for all materials. To enable a comparison of the change in the 
apparent Young’s modulus between all materials grade, the initial Young’s modulus 
of all materials was set to the overall average measured with impulse excitation. 
Chapter 3  65 
 
 
Figure 3-9 – Young’s modulus result measured using impulse excitation of vibration 
compared to their averaged values. 
 Loading unloading experiments 
To evaluate the change in the apparent Young’s modulus with pre-strain loading–
unloading tests were performed on a hydraulic driven Instron machine with a 30 kN 
load cell. The specimen shape is shown in Figure 3-7.  
YEFLA-5 strain gauges, designed for measuring large strain levels of up to 10-15 % 
were glued onto the specimen in the center of the gauge area (Figure 3-10 a)). For this, 
the metal surface was roughened with abrasive paper and consequentially cleaned with 
acetone. Then the strain gauge was glued using a CN-Y adhesive which is recom-
mended adhesive for post-yield high strain applications [142]. All wires were fixed to 
the tensile sample with tape to avoid any external force on the strain gauge during 
deformation.  
The two lead wires of the strain gauge were connected to a 120 Ω Wheatstone bridge 
attached to an ALMEMO 2590-4S universal data logger (Figure 3-10 b)). During 
testing the data logger records the voltage output (  ) of the bridge which changes with 
the deformation of the strain gauges. The recorded voltage output was then converted 
into engineering strain (  ) using the following equation: 
 
   =
4 ∗   
  ∗   
 3-12 
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where   is the gauge factor which is provided by the strain gauge supplier and     is 
the excitation voltage. 
a) 
 
 
b) 
 
Figure 3-10 – Tensile test setup with strain gauge equipment; a) clamped sample with 
strain gauge attached to the gauge section, b) Datalogger and 120 Ω bridge used for 
strain gauge measurements. 
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During the loading – unloading tests a sample is strained in uni-axial direction to the 
desired strain. This is then followed by unloading to zero stress and re-loading to the 
next level of strain. This procedure was repeated continuously until the last unloading–
loading cycle was finalized after which the sample was strained to failure. In this study 
unloading–loading cycles were performed to 1 %, 3 %, 5 %, 7 % and 9 % of engineer-
ing strain; this is within the maximum uniform elongation determined for all materials. 
The change in the apparent Young’s modulus with pre-strain was measured by deter-
mining the chord modulus, as schematically illustrated in Figure 3-11, for each load-
ing – unloading cycle.  
 
Figure 3-11 – Schematic of a stress-strain curve during unloading after plastic defor-
mation illustrating the measurement of the chord modulus. 
The chord modulus was calculated with two stress (σ) – strain (ɛ) data sets (ɛ , σ ) 
and (ɛ , σ ), obtained from the start and the finish of the unloading process, i.e.,  
 
       =
(ɛ  − ɛ )
(σ  − σ )
 [   ] 3-13 
 Fitting of the Yoshida equation 
To compare the reduction in the apparent Young’s modulus for the different 
microstructures the data was fitted to the equation proposed by Yoshida [17]: 
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       =    − (   −      ) ∗  1 −    (−  ∗   )  3-14 
Where        is the chord modulus at the plastic strain ε . E , E    and ξ are coeffi-
cients; E  represents the initial Young’s modulus at 0 % strain while E    is the 
saturated chord modulus and ξ a material parameter. The Yoshida model was further 
simplified to: 
 
       =      + (   −      ) ∗    (−  ∗   ) 3-15 
The experimental apparent Young’s modulus for different pre-strain levels was im-
ported into the software RStudio using the R version 3.2.3 (The R Foundation for Sta-
tistical Computing [143]) and fitted to Eq. 3-15 using regression method with the 
“Nonlinear Least Squares” function (NLS) in the Package stats (version 3.3.0). The R-
Project script used and the resulting coefficients for all seven microstructures, are 
given in Appendix D. The coefficients    and      are estimated by the nsl function 
which determines the nonlinear least-squares estimates of the parameters of a nonlin-
ear model. An example data set and the resulting fit with Eq. 3-15 is displayed in Fig-
ure 3-12.  
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Figure 3-12 – Experimentally measured chord modulus data and fitted Yoshida equa-
tion. 
The change in the apparent Young’s modulus (  ), is calculated as the difference be-
tween the initial Young’s modulus and the saturated chord modulus: 
 
   =    −      3-16 
To investigate the reliability of the fit ξ can be expressed by its standard error [144]. 
Even though a smaller standard error indicates a more precise fit the absolute value of 
the standard error is affected by the absolute value of ξ , i.e., a larger ξ leads to a higher 
standard error than a smaller ξ for the same quality fit. Thus, the size of a coefficient 
compared with its standard error is a better measure for evaluating the precision of a 
coefficient [145], here defined as t(ξ):  
 
 ( ) =  
 
               ( )
 3-17 
t(ξ) decreases with an increasing standard error of a given value ξ, thus a higher t(ξ) 
represents a more accurate estimation of ξ. The coefficient of determination R2 is an-
other statistical tool which can be used to compare the quality of a fit between different 
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material data sets [146]. R2 is used to determine the quality of the curve fit between 
Eq. 3-15 and the experimental data by comparing the experimental (E ) and the pre-
dicted (E ) values of E at the strain ε . To calculate R
2 the residual sum of squares 
(RSS) and the total sum of squares (TSS) need to be determined using the following 
equations: 
 
RSS =    E  − E  
 
 3-18 
 
TSS =   (E  − E )
  3-19 
Where E  is the mean value of E. The coefficient of determination can then be 
calculated as: 
 
   = 1 −
   
   
 3-20 
For a high-quality fit the predicted curve matches the experimental data closely. Thus 
the predicted values of E  are similar to the experimental ones E  which converges 
RSS/TSS towards 0 and R2 towards 1. This means that as closer R2 is to 1 as better is 
the fit of Eq. 3-15 to the experimental data [146].  
Point of chord modulus saturation 
It is important to be able to consistently determine the strain level at which the chord 
modulus saturates. However, this point is difficult to identify, as the chord modulus 
decreases asymptotically with increasing pre-strain. Thus a saturation strain (    ) was 
defined as the strain value at which the modulus, predicted with Eq. 3-15, is 0.2 % 
higher than the saturated Young’s modulus value as illustrated in Figure 3-12. 
 Digital image correlation (DIC) 
In this study, the commercial digital image correlation (DIC) software GOM Aramis 
was used for two different evaluation techniques: Analysis of springback during V-
bending and microstructure strain measurement during in situ loading–unloading ex-
periments.  
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Aramis captures the surface of the measuring object with digital cameras as a reference 
image of the undeformed sample. The image is digitised into a certain number of pixels 
(depending on the resolution of the camera), each pixel with a specific level of light 
intensity (different grey level). A facet is allocated to a square (or in rare cases rectan-
gular) cluster of pixels. Ideally, each facet consists of pixels with varying grey levels.  
All facets are orientated in a matrix with each facet overlaying its neighbour by a few 
pixels. Figure 3-13 shows 15 x 15 pixel facets with a facet step of 13 pixels, which 
corresponds to an overlapping area of 2 pixels. 
 
Figure 3-13 – Matrix of 15 x 15 pixel facets (green square), overlapping by 2 pixel 
[140]. 
Each facet is assigned a 3D coordinate. During deformation Aramis constantly cap-
tures new images of the sample surface with a pre-set framerate. Once the deformation 
is finished the software identifies the facets from the reference image in all other im-
ages using their unique pixel brightness pattern. Then, the new distances between the 
facets are calculated. Using the original facet distances and the distances of the dis-
torted matrix the strain between two facets can be calculated and displayed. This is 
done for all facet neighbours and generates a coloured strain map. 
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Figure 3-14 – Digital image correlation system, GOM Aramis. 
A detailed description of the GOM Aramis system can be found in [140]. 
DIC for springback analysis in V-bending 
The Aramis system can be used to track sample geometries during deformation as long 
as the surface is visible. Since during V-bending the top and bottom layer of the sheet 
are in contact with the punch and the die (see Section 3.2.10) the DIC analysis was 
performed on the side of the sheet. The system needs a surface with varying greyscale 
to overlay facets which are tracked during the test. To generate a surface which can be 
easily tracked by the system during V-bending a spray pattern was applied onto the 
side of the metal sheet as shown in Figure 3-15 a). For this, the sheet was cleaned with 
acetone followed by a layer of white spraypaint to eliminate the shiny metal surface. 
A random black speckle pattern was then applied using spray paint.  
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a) 
 
 
b) 
 
 
Figure 3-15 – V-bending setup, a) spackle grid applied on the side of a deformed V-
bending specimen, b) experimental setup including tensile tester, V-bend punch + die 
and DIC system. 
The measurement was conducted using the ‘3D-Project’ option, using two cameras 
which positions to each other have been previously calibrated. This is necessary to link 
the pictures taken by both cameras to each other and generate a 3-dimensional sample 
surface. Images of the sample were taken with a frequency of 2*s-1. After the test, a 
facet grid was generated on the image of the undeformed sample. An adequate facet 
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size was chosen, securing at least five elements through the thickness (Figure 3-17 b)) 
but being large enough to ensure that each facet has a unique pixel structure consisting 
of pixels with varying greyscale value. The facets are then identified in all captured 
images using the unique grey-scale pixel pattern of each facet [147]. The relative 
movement between the center of different facets is then used to calculate the surface 
strains in each image, while the absolute movement of the same facet between images 
is used to track the surface geometry. The calculated geometry of the sample at the 
point of maximum deformation and after springback was then used to calculated the 
springback angle (see Section 3.2.10). 
DIC for micro-strain evaluation  
The DIC software ARAMIS also allows the strain computation of images which have 
been taken with an external camera. However, this function is limited in its function-
ality as it does not allow any 3D evaluation as the orientation of external cameras to 
each other is unknown to the system. In this study the DIC program has been used in 
combination with SEM micrographs of a polished sample surface which is generally 
considered to be perfectly flat. Since the orientation between the sample surface and 
the sensor (camera) was perfectly perpendicular and does not change during the defor-
mation process, the generated SEM images can be evaluated with the ARAMIS soft-
ware. To ensure that the surface strain can be accurately analyzed, the same magnifi-
cation was used for all images taken und the working distance was kept constant during 
the entire test to prevent any artificial scaling (zoom) between the micrographs. Only 
small adjustments in brightness and contrast were made between the capturing of the 
micrographs, as the DIC system will not be able to track facets if the pixel brightness 
alters considerably between images.  
The images taken with the BED-detector were then imported into the Aramis software 
as stage data, defining the image of the undeformed grain as stage 0, i.e., as the refer-
ence image (Figure 3-16 a)). A facet grid was created using the reference image with 
a facet size of 35 × 35 pixels corresponding to 289 nm × 289 nm. The facet distance 
was set to 157 nm (19 pixels) (Figure 3-16 b)) resulting in an overlap of adjacent facets 
of 46 % as illustrated in Figure 3-16 c). The natural variation in grey-scale of steel 
BED images guaranteed unique facets consisting of pixels with varying brightness. 
The different stage images were then automatically correlated using the movement of 
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the facet grid, and the strain in tensile direction was displayed and exported for each 
facet. 
a) 
 
b) 
 
c) 
 
 
Figure 3-16 – DIC using imported micrographs; a) Image import, b) facet setting, c) il-
lustration of facet size and facet overlay. 
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 V-bending  
To analyze the effect of the change in the apparent Young’s modulus on the springback 
in simple bending, V-bending tests have been conducted experimentally and simulated 
using FEA for M1, M2a, M2b, M2c and M3. 
V-bending experiments 
The heat treated sheets were machined into 100 mm x 20 mm blanks. The test setup 
designed to form a 15 mm profile radius was equipped on a 30 kN Instron tensile tester 
and is shown in Figure 3-17 a). The sheets were positioned on top of the die and bend 
downwards with a cross-head speed of 1 mm/min. If the punch displacement is too 
large the material can be over formed (‘coined’) and loses its contact with the die. This 
would give a final profile with an inner angle smaller than that desired. Coining can 
be observed as a spike in force. Pre-tests have been performed to determine the maxi-
mum punch displacement possible before coining occurs.  
The forming process was performed in three steps, forming (punch down), hold and 
unloading (punch retract). The sheet geometry was measured before and during the 
test using the 3D GOM Aramis system detailed in Section 3.2.9. The frame-rate was 
set to 3 frames /s and the punch was held in position between the forming and the 
unloading step for 1 second to ensure a measurement at the point of maximum defor-
mation. Using the Aramis software the bending angle   was measured as shown in 
Figure 3-17 b). For this, two parallel lines were defined on the grid of the un-deformed 
sheet perpendicular to the direction of punch movement. The angle between these two 
lines after forming but held by the punch (  ) and after unloading (  ) were then com-
puted by the Aramis system. The difference between the unloading and the forming 
angle was defined as the springback angle (∆ ): 
 
∆  =     −     3-21 
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a) 
 
 
b) 
 
Figure 3-17 – a) V-bending test setup, b) bending angle measurement with the GOM 
Aramis system. 
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V-bending simulation 
The FEA V-bending simulations have been carried out using Abaqus Implicit using 
the model presented in [114]. To investigate the impact of the change in Young’s 
modulus on the accuracy in springback prediction, two models were used. The first 
model applied a constant Young’s modulus while the second used the user subroutine 
USDFLD to implement the Young’s modulus evolution with plastic strain.  
The metal strip was modeled with 228 S4R shell elements and 10 integration points 
through the thickness while the punch and the die were defined as rigid surfaces. The 
contact between the punch and the blank was assumed frictionless while a basic Cou-
lomb friction model was used to define contact between the die and the blank with a 
friction coefficient of 0.2. The plastic regions of the true stress-strain curves was used 
in combination with an isotropic von Mises hardening criterion to define plastic mate-
rial behavior. The forming process was modeled in three steps: Contact, bending and 
springback. The boundary conditions are displayed in Figure 3-18 a). For contact, the 
punch is moved slightly downwards in y-direction until it touches the blank. During 
forming the punch is moved downwards in y-direction until it reaches the maximum 
punch displacement used in the experimental tests. During contact and bending the 
blank movement is constrained in the center node which is fixed in all but the y-direc-
tion. For the last step, the center node is fixed in all directions and the contact between 
the blank and the tooling is taken away to allow the sheet to springback. 
To analyze springback, the slope of the outer flanges was determined. For this, the X 
and Y coordinates of the centreline (Z constant) of the sheet were measured for the 
five outer nodes of each side after forming (under load) and after springback. A linear 
regression was performed resulting in R2 = 1 to ensure that the nodes were perfectly 
aligned. Thus, from here on only the first and last of the five nodes for each side were 
used for further calculation. The vector for each side between these two nodes was 
then determined with: 
 
  ⃗  =   
    −    
    −    
  3-22 
Where x   and y   are the coordinates of the chosen nodes, illustrated in Figure 3-18 
b). The bending angle α was then calculated as the angle between the two vectors: 
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  =        
   ⃗  ∗   ⃗  
     ⃗     ∗     ⃗     
  3-23 
a) 
 
 
 
b) 
 
 
Figure 3-18 – V-bending simulation; a) setup, b) springback evaluation. 
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 Effect of microstructure on the change in unload-
ing behaviour 
4.1 Introduction 
High strength steels are commonly used in automotive parts. Forming those steels is 
associated with significant springback [1]. Previous studies have shown that the 
measured springback is higher than that expected by linear elastic theory and that this 
increased springback is caused by a decrease in the apparent Young’s modulus [2-7]. 
It is now common practice to include the change in the apparent Young’s modulus 
with plastic deformation when numerically analysing sheet forming processes to en-
sure a good representation of the springback behaviour [7, 9-14].  
In most studies, the apparent Young’s modulus has been determined experimentally 
by measuring the chord modulus which is determined from the elastic slope of the 
tensile stress-strain curve before and after unloading [1, 3, 6, 7, 9, 12, 15]. Those stud-
ies have shown that the chord modulus decreases with increasing stress or pre-strain 
before it reaches a saturation point, after which no further reduction takes place. 
Nevertheless, there is some disagreement between studies regarding the strain level at 
which the reduction in chord modulus starts to saturate. While Govik et al. [15] report 
this saturation point to be at 12 % pre-strain for DP590, other studies [6, 16, 17] 
observed earlier saturation between 5 and 7 %. For DP780, Chongthairungruang et al. 
[1] identified saturation at 8 % and Cobo et al. [3] at 3 % pre-strain. Those discrepan-
cies are most likely related to variations in microstructure given that all previous stud-
ies were limited to industrial DP steel grades that showed differences in composition 
and microstructure as well as in martensite phase hardness and shape. Similarly, the 
reduction of the apparent Young’s modulus has mostly been studied for industrial DP 
steels leading to contradicting results. While some studies [1, 6, 15, 17] suggest that 
the chord modulus of DP590 decreases between 18 and 22 % before saturation is 
reached, others observed significantly higher chord modulus reductions of up to 28 % 
[7, 9]. Chongthairungruang et al. [1] found for DP780 steel that the chord modulus 
reduces by 15 % while Cobo et al and Kim and Kimchi report reductions between 21 
to 28 % [3, 12]. For DP980 steel the chord modulus reductions that were 
experimentally observed vary between 14 and 30 % [3, 4]. A recent study by Chen et 
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al. [116] invested a variety of DP600 and DP980 steels. They found that there is no 
significant difference in chord modulus reduction between the different materials and 
concluded that the unloading behaviour of DP steel only depends on the flow stress at 
unloading. 
Only Pavlina et al. [148] experimentally investigated the effect of the phase hardness 
on the non-linear unloading for three industrial DP steels of similar strength but with 
different chemical composition. The results suggest that a higher strength mismatch 
between the ferrite and the martensite increases the apparent Young’s modulus reduc-
tion. This supports Zhonghua and Haicheng’s suggestion that the reduction of the ap-
parent Young’s modulus in DP steels is mainly the result of the strength mismatch 
between the ferrite and the martensite phases. Nevertheless, in Pavlina et al.’s study 
[148] the ferrite and martensite hardness were not experimentally determined but an-
alytically estimated which resulted in hardness values which were significantly lower 
for the ferrite and higher for the martensite compared with previous studies [19, 149-
151]. In addition, the steels covered a range of microstructures in which a clear obser-
vation of the effect of martensite hardness on the reduction of the apparent Young’s 
modulus was difficult. 
So far, studies investigating the springback in DP steels were limited to industrial steel 
grades with similar strength, but differing chemical composition and microstructure. 
Further experimental investigations are therefore required to understand the micro-
structural effects on the reduction in the apparent Young’s modulus in DP steels 
on a fundamental level. This chapter aims to generate this understanding. For this, an 
industrial DP steel has been heat treated at different inter-critical temperatures produc-
ing five microstructures with 20 %, 23 %, 35 %, 48 % and 62 % martensite volume 
fraction. The material with 35 % martensite volume fraction was also heat-treated at 
300 °C and 500 °C to temper the martensite. The seven material conditions produced 
consisted of ferrite grains surrounded by connected martensite grains forming a chain-
like structure. The microstructures produced, though varying in martensite volume 
fraction and phase hardness, have the same chemical composition and martensite 
shape. This allows analysing the effect of phase fraction and hardness without the need 
to consider other microstructure parameters. 
The observed trends were then used to develop an empirical equation which can pre-
dict the reduction in the apparent Young’s modulus within the range of martensite 
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volume investigated in the current study. V-bending experiments and FEA implement-
ing the reduction in the apparent Young’s modulus were carried out. The investigation 
was to see if a material input generated with the developed empirical equation is a 
viable alternative to experimentally determining the apparent Young’s modulus data 
to achieve high model accuracy in the numerical analysis of bending applications. 
4.2 Materials 
The materials used in this study are seven DP steel grades, and their production is 
outlined in Section 3.1. It is assumed that the microstructures produced consist solely 
of ferrite and martensite, and an X-ray analysis was conducted to verify this assump-
tion. 
 X-ray diffraction - analysis 
To ensure that the produced microstructures did not contain retained austenite, Mate-
rial 1 (with the lowest amount of martensite) and Material 3 (with about 50 % of mar-
tensite) were analysed by qualitative phase analysis using X-ray diffraction (XRD). 
The resulting diffraction patterns are shown in Figure 4-1. Diffuse background scat-
tering can be used to show that the microstructure is directional orientated. However, 
no diffuse background scattering was observed which indicates that there is no dis-
turbance in the material, i.e. no structure orientation. The phase peaks with their 
respective Bragg’s diffraction angles [138] are inserted in Figure 4-1 as green (ferrite 
and martensite) and red (austenite) lines. No austenite peaks were detected for Material 
3 which suggests that there is no austenite in the material, or that the amount is too 
small to be detected by XRD. Material 1 displays a small austenite peak at 2θ = 74.75 ° 
which is only marginal higher in intensity than the background noise. 
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a) 
 
b) 
 
Figure 4-1 – XRD diffraction, ferrite - / martensite peaks in green, austenite peaks in 
red for, a) Material 1, b) Material 3. 
To calculate the amount of austenite in Material 1, the intensity of the ferrite peaks 
(200) and (211) and the austenite peaks (200) and (220) were determined. The intensity 
is measured as peak height above the background noise. The measured intensities and 
the R-values [138] for the investigated diffractions peaks are shown in Table 4-1. 
Table 4-1 – R-Values for the ferrite peaks (200) and (211) and austenite peaks (200) 
and (220).  
Peak  α (200) γ (200) γ(220) α (211) 
I 81 0 4 211 
R 20.7 34.7 47.9 190.8 
With Eq. 4-1 the amount of austenite in Material 1 can be calculated as: 
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4-1 
The minimum detectability limit of austenite in steel using XRD is 2 % [138] given 
that for values below that, noise could have been misinterpreted for peaks. Thus, the 
present results suggest that no retained austenite is present in the material. 
 Martensite fraction and carbon content determination 
The microstructure images of the seven materials produced using an Olympus light 
microscope BX51M (as outlined in Section 3.1.1) are shown in Figure 4-2 and show 
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ferrite (dark grey-black). The martensite (bright grey-white) consists of elongated 
grains which are linked together and form a chain-like network, surrounding the gran-
ular ferrite. It can be seen that the volume fraction of martensite increases with the heat 
treatment temperature while the amount of ferrite consequently decreases. The meas-
ured martensite volume fractions for M1, M1.5, M2a, M3 and M3.5, are given in Table 
4-2. 
a) 
 
b) 
 
c) d) 
 
e) 
 
f) 
 
g) 
 
Figure 4-2 – Microstructures of the dual phase steels, (a) M1 (20 % MS), (b) M1.5 (23 
% MS), (c) M2a (35 % MS), (d) M2b (35 % MS + tempering at 300 °C), (e) M2c (35 
% MS + tempering at 500 °C), (f) M3 (48 % MS) and (g) M3.5 (62 % MS). 
Increasing the heat treatment temperature led to an increasing amount of martensite 
volume fraction from ~20 % at 710 °C (M1) to ~62 % at 820 °C (M3.5). Assuming 
the microstructure consist of only ferrite and martensite, which have similar densities, 
the carbon concentration in the martensite (  ) can be calculated using a simple rule 
of mixtures 
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  =     +     4-2 
where   is the carbon concentrations in the ferrite,     and    are the volume fractions 
of ferrite and martensite.   is the overall carbon content in the DP steel of 0.107 wt% 
as shown in Table 3-1. The carbon content in ferrite (  ) is set to 0.021 wt%, as this is 
the maximum solubility of C in ferrite [70]. This is because carbon dissolves as inter-
stitial atoms, twice the size of the interstitial gaps in the iron crystal grid. Thus inter-
stitially dissolved carbon generates a strain field within the atom-grid which limits the 
solubility amount to 0.021 wt%. With 
 
   = (1 −    ) 4-3 
and knowing the volume fraction of martensite,   can be calculated using the equa-
tion below 
 
  =
0.086
  
+ 0.021 4-4 
A total of 250 ferrite grains were analysed for each material and the global ferrite grain 
sizes determined as described in Section 3.1.2. The theoretical carbon content in the 
martensite (determined using Eq. 4-4) and the ferrite grain sizes are shown in Table 
4-2 for the various levels of martensite volume fraction. It can be seen that both the 
carbon content in the martensite as well as the ferrite grain size decrease with increas-
ing volume fraction of martensite. 
Table 4-2 – Calculated carbon content in the martensitic phase and the average ferrite 
grain size as a function of the martensite volume fraction.  
  Material 1 Material 1.5 Material 2a Material 3 Material 3.5 
Martensite volume fraction (%) 20.1 23.4 35.4 48.1 61.9 
Carbon content in the marten-
site (wt%) 
0.45 0.39 0.26 0.20 0.16 
Average ferrite grain size (µm) 12.7 12.0 11.0 9.5 6.3 
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4.3 Material characterisation  
 Nano-hardness 
400 nano-indentations were performed for each material as described in Section 3.2.3. 
The generated frequency count using all nano-hardness values of a single material was 
expected to show two clearly distinguished peaks, representing the ferrite and marten-
site phase-hardness. However, the results showed high scatter which did not allow the 
determination of the martensite phase hardness. Even after increasing the number of 
indentations to 1000 for Material 2a, as shown in Figure 4-3, a significant amount of 
scatter remained. 
 
Figure 4-3 – Nano-hardness of Material 2a illustrating the results of 1000 indentations. 
To investigate the cause for the scatter the materials were subsequently analysed using 
a Zeiss Supra 55VP SEM. The SEM images showed that most indents are either in the 
ferrite phase or on a grain boundary. The high scatter is therefore due to the indenta-
tions representing a combination of martensite and ferrite hardness. Even indentations 
situated in the martensite too close to a grain boundary may produce misleading results 
due to grain boundary effects [152]. To reduce the scatter and to identify those imprints 
that were fully situated in the martensite or the ferrite phase, further SEM-AsB (angle 
selective backscattered electron) imaging was performed for all materials (Figure 4-4). 
All imprints located in intermediate phase regions, near artefacts or close to grain 
boundaries were ignored for the phase hardness calculations. The hardness values of 
those selected ferrite and martensite imprints were then averaged to determine the 
phase hardness. 
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Figure 4-4 – AsB image of M2a showing imprints after nano-indentation tests. High-
lighted are two of the imprints (Nr. 68 – martensite and Nr. 120 - ferrite) which have 
been selected for phase hardness determination. 
The averaged nano-hardness values for all materials are shown in Figure 4-5. Even 
though the measured ferrite hardness varies from grain to grain (error bars), the overall 
(averaged) ferrite hardness does not vary significantly for the different heat treatment 
conditions. The martensite hardness decreased during tempering. During tempering, 
carbon reacts with iron and precipitates as carbides, reducing the carbon concentration 
in the martensite. As the hardness of the martensite is largely influenced by the carbon 
content, it consequently decreases [153] while that of ferrite remains mostly un-
changed [95]. The results of this study shown in Figure 4-5 b) suggest that the marten-
site hardness decreases by 20 % and 45 % when tempering at 300 °C and 500 °C 
respectively.  
A change in martensite nano-hardness was also observed when changing the volume 
fractions of martensite and ferrite (Figure 4-5 a)). If the overall carbon content in the 
material remains unchanged, the martensite hardness increases when the martensite 
volume fraction is reduced as a result of the increased carbon concentration in the 
martensite [67]. Calculating the carbon concentration in the martensite using Eq. 4-4 
shows that the carbon content decreases from 0.45 to 0.16 wt% when the martensite 
volume fraction is increased from 20 % to 62 %; this reduces the martensite hardness 
from 6.85 GPa to 4.75 GPa, as shown in Figure 4-5. The hardness of Material 1 could 
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not be measured as the martensite grains were too narrow for indentation. The hardness 
for Material 1 was therefore estimated by extending the linear slope fitted to the ex-
perimental hardness values determined for the other four grades. 
a) 
 
b) 
 
Figure 4-5 – Change in ferrite and martensite nano-hardness as a result of, a) marten-
site volume fraction, b) tempering temperature (Material 2a (35 % MS), Material 2b 
(35 % MS + 300 °C) and Material 2c (35 % MS + 500 °C)). 
The relationship between the carbon content in the martensite (Table 4-2) and the mar-
tensite phase hardness (Figure 4-5 a)) is displayed in Figure 4-6. As expected, the mar-
tensite hardness increases with carbon content in the martensite phase. This increase, 
however, seems to saturate at higher levels of carbon. A similar trend has been ob-
served previously for fully martensitic steels by Ohmura et al. [96] and has been ex-
plained by Chen [91] who observed, that the strength of the martensite is proportional 
to the square-root of the martensite carbon concentration. 
 
Figure 4-6 – Martensite phase hardness in the as-quenched DP 780 steels dependent 
on the carbon content in the martensite phase.  
Chapter 4  89 
 
 Tensile testing 
The tensile tests performed on samples cut in the rolling direction are outlined in Sec-
tion 3.2.4. The resulting stress-strain curves averaged over three tests for each material 
and transformed into true stress-strain data are shown in Figure 4-7. Almost all mate-
rials show a gradual elastic-plastic transition except for Material 2b and Material 2c 
where some discontinuous yielding was observed. The yield point of all materials was 
determined using the 0.2 % offset strain method. The evaluated ultimate tensile 
strength, yield strength and uniform elongation are listed in Table 4-3.  
The increase in martensite volume fraction leads to an increase in yield strength and 
ultimate tensile strength as reported in previous studies [89, 92]. The maximum uni-
form elongation decreases with decreasing ferrite volume fraction as in DP steels the 
ductility mainly depends on the volume fraction of the softer phase [95].  
 
Figure 4-7 – Averaged true stress – true strain diagram for all seven heat treatment 
conditions. 
For the tempered materials, it was found that tempering at 300 °C (Material 2b) in-
creases the yield strength. A further increase in tempering temperature to 500 °C (Ma-
terial 2c), reduces the yield strength to almost its original value of the non-tempered 
material (Material 2a). The observed peak in yield stress when increasing the temper-
ing temperature is associated with the segregation of carbon to dislocations resulting 
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in a change from continuous to discontinuous yielding (Figure 4-8) and the counter-
acting residual stress relief [100].  
 
Figure 4-8 – True stress-strain curve showing discontinuous yielding of M2b and M2c. 
Increasing the tempering temperatures led to a decrease in ultimate tensile strength but 
had only a minor effect on the uniform elongation. The reduction of carbon concentra-
tion in the martensite phase during tempering softens the martensite, thus decreases 
material strength [91]. The ductility of the martensite slightly increases in this process, 
but the overall uniform elongation of the DP steel remains unchanged as the volume 
fraction of the ferrite phase remains the same [95]. The resulting yield to tensile stress 
ratio is highest for Material 2c and lowest for Material 2a.  
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Table 4-3 – Mechanical properties determined for M1 (20 % MS), M1.5 (23 % MS), 
M2a (35 % MS), M2b (35 % MS + tempering at 300 °C), M2c (35 % MS + tempering 
at 500 °C), M3 (48 % MS) and M3.5 (62 % MS). 
  
Yield stress 
(RP0.2) [MPa] 
Tensile 
stress [MPa] 
Uniform elon-
gation [%] 
Yield / Tensile            
ratio 
Material 1 
Material 1.5 
Material 2a 
Material 2b 
Material 2c 
Material 3 
Material 3.5 
335 ± 6 
371 ± 6 
446 ± 14 
521 ± 12 
475 ± 16 
563 ± 1 
607 ± 36 
585 ± 13 
751 ± 10 
924 ± 12 
847 ± 4 
668 ± 10 
977 ± 1 
984 ± 8 
19.1% ± 0.2% 
16.9% ± 0.7% 
11.6% ± 0.5% 
10.3% ± 0.5% 
11.2% ± 0.7% 
10.2% ± 0.6% 
6.1%   ± 1.7% 
0.57 
0.49 
0.48 
0.62 
0.71 
0.58 
0.62 
 Material anisotropy 
Mould and Johnson [154] have reviewed the relationship between the Young’s modu-
lus and material anisotropy of 230 steels. They have shown, that the elastic modulus 
increases from 207 GPa to 230 GPa as the average r-coefficient (  ) (Section 3.2.5) 
increases from 0.75 to 3.0. In addition, Gomes et al. [155] and Ragai et al. [156] have 
shown that changes in sample direction can lead to small changes in springback, which 
they related to the difference in flow stresses; the Young’s modulus, however, was not 
investigated.  
To ensure that the change in apparent Young’s modulus investigated in the current 
study is not a result of material anisotropy, the material anisotropy was analysed for 
M1 (20 % MS), M2a (35 % MS), M2b (35 % MS + tempering at 300 °C), M2c (35 % 
MS + tempering at 500 °C) and M3 (48 % MS) using the routine described in Section 
3.2.5. The determined anisotropy coefficients and the directional yield stresses are 
displayed in Table 4-4. Slight differences in yield stresses were observed for the dif-
ferent sample directions and in all investigated microstructures,    is close to 1 while 
the planar anisotropy (  ) is close to 0 with only minor variation depending on the 
testing direction. Eggertsen et al. [7] have further shown, that even if the initial 
Young’s modulus varies as a result of the materials anisotropy, the effect on the un-
loading behaviour is small which is why it has been assumed in this study that the 
effect of material anisotropy is minor. 
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Table 4-4 – Anisotropy coefficients and yield stresses in MPa determined for five DP 
microstructures. 
  r0 r45 r90 rm rP 
RP0.2 
0° 
RP0.2 
45° 
RP0.2 
90° 
Material 1 0.96 0.88 1.12 0.96 0.08 406 422 405 
Material 2a 0.77 0.68 0.76 0.72 0.04 538 525 493 
Material 2b 0.90 0.80 0.87 0.84 0.04 543 569 557 
Material 2c 1.004 0.815 0.876 0.877 0.063 577 556 545 
Material 3 0.927 0.746 0.784 0.801 0.055 540 550 576 
4.4 Effect of the microstructure on springback prediction in the 
V-bending of DP-steels 
Previous studies indicate that the springback after plastic deformation may not be 
purely related to the material strength. Those studies used industrial steel between 
which the microstructure parameters can vary significantly. The current investigation 
will show how the springback is impacted by a change in martensite volume fraction 
and hardness while the ferrite and martensite shape, as well as the chemical 
composition of the alloys is kept constant.  
For this, V-bending tests were conducted experimentally and numerically analysed 
with Abaqus Implicit to determine the accuracy of the FEA in regard to springback. 
Due to time limitations, not all seven microstructures introduced in Section 4.2 were 
included in this study. Following materials were chosen to represent a range of mar-
tensite volume fractions and martensite hardness: M1 (20 % MS), M2a (35 % MS), 
M2b (35 % MS + tempering at 300 °C), M2c (35 % MS + tempering at 500 °C) and 
M3 (48 % MS). The experimental and numerical setup is described in detail in Section 
3.2.10. 
The punch force as a function of the punch displacement has been compared between 
the simulation and the experiment. For all five materials, the simulated force-displace-
ment curves are within ±15 % of the experimental value. To check if the simulation 
accuracy can be further increased, the number of elements and integration points 
through the material thickness was increased from 228 and 10 to 2000 and 50 respec-
tively. This showed no significant impact on the predicted forming force or springback.  
The springback angles predicted by the numerical analysis are compared with those 
measured experimentally in Figure 4-9. For the difference in martensite content, it can 
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be seen that Material 3 with the highest martensite content of 48 % shows the highest 
springback. Material 2a with 35 % of martensite shows almost as much springback as 
Material 3, while Material 1 with the lowest martensite content of about 20 % 
experiences the lowest level of springback. Previous studies have shown that with a 
constant Young’s modulus the springback increases with flow stress at unloading 
[112]. Thus the observed relationship between martensite content and springback an-
gle is most likely due to the flow stress at unloading which increases with martensite 
volume fraction (Section 4.3.2). This relationship between material strength and 
springback can also be observed for the tempered materials. Softening the martensite 
through tempering (Materials 2b and 2c) and through that softening the overall mate-
rial strength, decreased the springback in V-bending.  
The numerical model predicts a similar trend as observed in the experimental study 
but significantly underestimates springback for all five materials studied. This 
underestimate is most likely a result of a reduction in the apparent Young’s modulus 
which has been shown to increase springback in DP steels after plastic deformation [7, 
13, 114]. 
 
Figure 4-9 –Springback prediction in V-bending. 
 Impact of the microstructure on springback of DP-steels in V-bending 
After evaluating the experimental and the numerical springback angle, the error in 
springback was calculated using 
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                               =  
 ∆            − ∆           
∆           
 4-5 
The measured springback results and the resulting error in springback prediction are 
displayed Table 4-5. As already mentioned above the FEA underestimates springback. 
However, the error in springback prediction shows the worst accuracy for materials 
with the medium amount of martensite volume fraction of 35 % (2a, 2b and 2c). In 
contrast, the two alloys with the lowest and highest amount of martensite volume 
fraction (M1 and M3) the error in springback prediction is significantly smaller.  
Table 4-5 – V-bending FEA springback results and error in springback prediction. 
 Material 1 
Material 
2c 
Material 
2b 
Material 
2a 
Material 3 
Flow stress at unloading 
[Mpa] 
524 655 845 913 940 
Springback - Experiment [°] 10.31 14.92 18.76 19.56 20.50 
Springback - Simulation [°] 9.02 12.28 15.34 15.84 17.65 
Error in Springback predic-
tion with constant E 
12.48 % 17.69 % 18.25 % 19.03 % 13.89 % 
 Concluding remarks on V-bending springback analysis 
The comparison between the experimental and the numerical V-bending test have 
shown that the numerically predicted springback underestimates the measured values 
for all investigated microstructures. This is most likely due to a reduction in the appar-
ent Young’s modulus which has been observed in DP steels [1, 3, 4, 6, 11, 15-17] but 
has not been taken into account in the simulation. However, the margin by which the 
springback was underestimated is not similar for the five materials and changes with 
martensite volume fraction. Chen et al. [116] suggested that the the amount of apparent 
Young’s modulus reduction is mainly related to material strength. The present results, 
however, show the highest mismatch between simulation and experiment for Material 
2a which is less strong than Material 3. 
This raises the following question: 
 Why does the FEA accuracy vary for different microstructure, i.e. how does 
the martensite volume fraction affect the change in the apparent Young’s mod-
ulus? 
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To answer this, the apparent Young’s modulus was thoroughly investigated and the 
results linked to the microstructure parameters, such as phase hardness and phase frac-
tion in Section 4.5.  
4.5 Investigation of the change in the apparent Young’s modu-
lus 
The springback results in Section 4.4 have shown that the springback is not just de-
pendent on the material strength but is influenced by the microstructure parameters. 
Since chemical composition and shape of the phases have been kept constant, the only 
difference between the microstructures was the martensite volume fraction and the 
martensite hardness. This leads to the question, how does the martensite volume 
fraction and hardness affect the change in the apparent Young’s modulus? 
To answer this question, the change in the apparent Young’s modulus is 
experimentally studied for all microstructures and the results discussed using the mi-
crostructure parameters identified in Section 4.3. To determine the apparent Young’s 
modulus, loading-unloading tests have been performed. Due to the limitation of the 
experimental setup, it was not possible to perform the unloading cycles in a strain-
controlled mode. Instead, the crosshead movement and strain were correlated to enable 
controlling the test by the cross-head extension. As a consequence, the unloading 
which had been set to 1 %, 3 %, 5 %, 7 % and 9 % occurred with a scatter in strain and 
some materials were unloaded more frequently than others. This may have led to a 
slight increase in flow stress but does not influence the unloading slope as previously 
shown by Sun and Wagoner [4]. Figure 4-10 shows the stress-strain response from 
multiple unloading-loading (LU) samples for Material 2a and compares those with the 
averaged monotonic stress-strain curve. It can be seen that the flow stresses of the 
specimens tested in unloading-loading do not significantly differ from those deter-
mined in the monotonic tensile test. This is contrary to what has been reported by Sun 
and Wagoner [4], who observed an increase in flow stress with increasing number of 
loading -unloading cycles. 
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Figure 4-10 – Comparison between the stress-strain responses generated during the 
loading-unloading experiments and the monotonic tensile curve for Material 2a. 
 Reduction in the apparent Young’s modulus 
The chord moduli were calculated with two stress – strain data sets, obtained from the 
start and the finish of the unloading process, as shown in Figure 3-11 and outlined in 
Section 3.2.7. The measured chord moduli at various pre-strain levels are shown in 
Figure 4-11. For each material, Eq. 3-15 was fitted to the experimental chord modulus. 
The fitting parameters and the coefficient of determination R2 [146] are summarised in 
Table 4-6 and the curves obtained are shown together with the experimental data in 
Figure 4-11. To investigate the change in the apparent Young’s modulus two variables 
were targeted. These are the strain level at which the chord modulus stabilises 
(    ) and the overall reduction in the apparent Young’s modulus (  ), that is the dif-
ference between the initial Young’s modulus (  ) and the saturated chord modulus 
(    ). As the chord modulus decreases asymptotically with increasing pre-strain,      
was defined as the strain value at which the modulus, predicted with Eq. 3-15, is within 
0.2 % of the saturated Young’s modulus value (Illustrated in Figure 4-11 a)). The      
values for the different materials are displayed in Table 4-6. As outlined in Section 
3.2.6, the initial Young’s modulus could only be measured for five of the seven mate-
rials with impulse excitation of vibration [141] (M1, M2a, M2b, M2c and M3). The 
difference in initial Young’s modulus, however, was small (± 3 GPa) and has been 
indicated by error bars in Figure 4-11 b) and Figure 4-11 c). To enable a comparison 
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of the change in the apparent Young’s modulus between all material grades, the initial 
Young’s modulus of all materials was set to the overall average. 
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a) 
 
b) 
 
c) 
 
 
Figure 4-11 – Change in chord modulus; a) illustration of the measured points: .   , 
     and     , b) chord modulus reduction depending on the martensite volume frac-
tion, c) chord modulus reduction depending on the martensite hardness. 
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The strain level at which the chord modulus stabilises (    )  
All materials show similar characteristics with the chord modulus decreasing rapidly 
within the first few percent of pre-strain followed by saturation at       = 2 - 4 %. Fur-
ther increase of strain before unloading did not show any effect on the chord modulus.  
The observed saturation occurred earlier than suggested by most previous studies [1, 
6, 15, 17]. In Kim et al. [6] and Yoshida et al. [17], the saturation occurred around 6 
% of pre-strain, in Chongthairungruang et al. [1] around 8 % of pre-strain while Govik 
et al. [15] did not observe a clear saturation before 12 % of pre-strain. In these studies, 
the microstructure was either not given [13, 14] or described as a ferritic matrix with 
granular martensite islands [1, 6]. Only Cobo et al. [3] reported a saturation of the 
chord modulus at similar pre-strain levels as observed here (around 3 % of pre-strain); 
in their study, the microstructure is described as a banded martensite in a ferritic ma-
trix, similar to the one observed in the current study.  
Some studies [5, 22, 25, 124] have linked the movement of dislocations with the re-
duction of the apparent Young’s modulus. During deformation, dislocations move to-
wards grain boundaries or hard obstacles and pile up [68, 72]. Once the external force 
is released and the material unloads these dislocations are no longer held in place and 
can repel away from each other. This backwards movement of dislocations generates 
a plastic micro-strain and results in non-linear unloading and a reduction of the appar-
ent Young’s modulus. This may explain the observed dependency of the saturation 
point on the shape and distribution of the martensite phase. Korzekwa et al. [84] have 
shown that the dislocation density in produced dual phase steels is high adjacent to the 
martensite and low in the interior of the ferrite. A microstructure were the martensite 
grains are connected and surround the ferrite, such as the steel investigated here, has a 
higher contact area with the ferrite, as the grains are spread out through the structure 
which may give a higher dislocation density. The amount of mobile dislocations, 
which can contribute to the micro-plastic strain during unloading, is affected by the 
initial dislocations density and saturation can be assumed faster if more dislocations 
can repel during unloading. Furthermore, Balliger and Gladman [157] demonstrated 
that the strain hardening rate of DP steels, which is related to the dislocation density, 
is dependent on  ( / ), where   is the volume fraction of second phase and   is the 
mean second-phase diameter. Thus, for a constant martensite volume fraction ( ), the 
dislocation density is increased with decreasing martensite island size ( ). This may 
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suggest earlier saturation for a microstructure were the martensite forms a network 
around the ferrite grains compared to a microstructure consisting of isolated granular 
martensite. 
Table 4-6 – Fitted parameters for the Yoshida equation for the 7 heat treated DP steels; 
M1 (20 % MS), M1.5 (23 % MS), M2a (35 % MS), M2b (35 % MS + tempering at 
300 °C), M2c (35 % MS + tempering at 500 °C), M3 (48 % MS) and M3.5 (62 % MS) 
  E    [GPa] ξ R
2       
Material 1 180  206 ± 18 0.981 0.023 
Material 1.5 176 130 ± 13 0.952 0.037 
Material 2a 161  156 ± 7 0.911 0.033 
Material 2b 169  181 ± 31 0.919 0.028 
Material 2c 174  269 ± 76 0.911 0.018 
Material 3 170  121 ± 12 0.966 0.041 
Material 3.5 177  127 ± 16  0.927 0.037 
The overall reduction in the apparent Young’s modulus (  ) 
The chord modulus at saturation stabilised between 160 GPa and 180 GPa. The change 
in the apparent Young’s modulus,   , illustrated in Figure 4-11 a), was determined 
with Eq. 3-15 and the value at saturation for all material combinations is shown in 
Figure 4-12.  
Figure 4-12 b) suggests that the maximum level of the reduction in the apparent 
Young’s modulus with forming strain decreases with martensite hardness, i.e., with 
increasing tempering temperature. Some studies [8, 123] suggest that the reduction of 
the apparent Young’s modulus in DP is linked with the reverse yielding in ferrite as a 
result of a mismatch in stress between the two phase. The findings of this study, show-
ing a decrease in the reduction of the apparent Young’s modulus with martensite hard-
ness (Figure 4-12 b)) may, therefore, be linked to a reduced mismatch between the 
ferrite and the martensite hardness and a lowered strain partitioning [18, 19]. In addi-
tion, residual stresses exist in the material after production as the microstructure expe-
riences a volume expansion during water quenching (as outlined in Section 3.1). These 
residual stresses can add to the stresses generated in each phase during unloading (due 
to the difference in phase hardness) and facilitate the reverse yielding in parts of the 
ferrite. It was previously shown that tempering reduces residual stress and that this 
effect increases with tempering temperature [158]. Thus, the reduction of residual 
stress due to tempering may also be a reason for the lower reduction in the apparent 
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Young’s modulus observed for Material 2c and Material 2b compared with Material 
2a. 
As outlined above, other studies linked the reduction in the apparent Young’s modulus 
with the backwards movement of dislocations during unloading. The tensile results in 
Section 4.3.2 showed a small amount of discontinuous yielding for Material 2b and 2c 
which is associated with dislocation locking in the ferrite through carbon segregation 
[100]. Thus, the lowered reduction in the apparent Young’s modulus observed for the 
tempered material may also be linked to a reduced density of mobile dislocations. 
a) 
 
b) 
 
Figure 4-12 – Reduction in the apparent Young’s modulus as a result of, a) Different 
martensite volume fractions, b) Different martensite hardness. 
Figure 4-12 a) compares the reduction in the apparent Young’s modulus for the differ-
ent volume fractions of martensite. When increasing the martensite volume fraction 
from 20 % to 35 % the apparent Young’s modulus at saturation decreases from 180 
GPa (M1) to 161 GPa (M2a), leading to a reduction in the apparent Young’s modulus 
of 16 % and 25 % respectively. Thus, the results suggest that the reduction in the ap-
parent Young’s modulus increases with the martensite volume fraction. When the 
martensite volume fraction is further increased to 48 % (M3) and 62 % (M3.5) the 
reduction in the apparent Young’s modulus decreases to 21 % and 17 % respectively, 
i.e., the level of reduction of the apparent Young’s modulus with increasing martensite 
volume fraction shows a peak at a martensite volume fraction of 35 %.  
A similar trend was reported by Zhonghua and Haicheng’s analytical study [8, 123] 
who suggested that the plastic micro strain initially increases with martensite volume 
fraction followed by a decrease after 50 % of martensite phase. This was related to a 
maximum interface area at 50 % martensite volume fraction which, as the authors 
proposed, facilitates the reverse yielding of the ferrite and through that increases the 
reduction of the apparent Young’s modulus. Zhonghua and Haicheng, however, only 
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provided limited experimental validation for their analytical results. In contrast, the 
current study suggests that the peak in Young’s modulus reduction (observed at 35 % 
martensite) may be related to the counteracting effects of martensite hardness and vol-
ume fraction. As suggested in previous studies, increasing the martensite volume frac-
tion increases the mismatch in strain between the ferrite and the martensite during de-
formation. This leads to a larger strain partitioning [87] which initially increases the 
apparent Young’s modulus reduction. On the other hand, the current study has shown 
that increasing the martensite volume fraction reduces the martensite hardness (Figure 
4-5 a)) and that this lowers the reduction in the apparent Young’s modulus with pre-
strain (Figure 4-12 b)). This suggests that the initial increase in the apparent Young’s 
modulus reduction with martensite volume fraction, followed by its decrease beyond 
35 % martensite content observed in this study, may be due to the counteracting effects 
of an increase in martensite volume fraction (leading to an higher strain partitioning 
effect) and the decrease in martensite hardness (leading to a lowered strain partitioning 
effect).  
Secondly, the ferrite grain size may influence the apparent Young’s modulus reduc-
tion. This study has shown experimentally that an increase in martensite volume frac-
tion reduces the grain size of the ferrite phase (Table 4-2). Bergström et al. [73] ob-
served that there is a strong correlation between the dislocation mean free path and the 
ferrite grain size and Granato and Lücke [27] linked the amount of mobile dislocations 
and their mean free path to the amount of micro-plastic strain which can be generated 
during unloading. Goel et al. [132] previously stated that a decrease in ferrite grain 
size results in the partial cancellation of backstress through dislocation interactions. 
This suggests that the lowered reduction in the apparent Young’s modulus at a specific 
level of martensite volume fraction (in our study 35 % of martensite, illustrated in 
Figure 4-12 a)) may also be partially due to a decreasing ferrite grain size and the 
resulting reduction in micro-plastic unloading strain. 
 Concluding remarks on the change in the apparent Young’s modulus 
All materials show similar characteristics for the reduction in the apparent Young’s 
modulus with pre-strain. The chord moduli first decrease drastically within the first 
few percent of pre-strain and then become constant at 2-4 % pre-strain. The observed 
saturation occurred earlier than suggested by most previous studies [1, 6, 15, 17] where 
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the modulus saturated between 6-12 %. Only one study [3], which investigated a mi-
crostructure of banded martensite in a ferritic matrix similar to the one observed in the 
current study, reported a saturation strain of 3 %, which is comparable to those values 
observed in the present study. It was suggested that saturation of the apparent Young’s 
modulus occurs faster with a high initial dislocation density. The dislocation density 
can be considered lower for a microstructure consisting of martensite islands compared 
to one were the martensite forms a network around the ferrite; this could explain the 
earlier saturation observed in the current study, which investigated DP steel with mar-
tensite in a chain-like structure, compared to previous ones where saturation was ob-
served at higher levels of strain. 
The reduction of the apparent Young’s modulus reduces with increasing tempering 
temperature and the resulting reduction in martensite hardness. The major reason for 
this may be a reduced mismatch in hardness between the ferrite and the martensite 
phase which results in a lower strain partitioning during deformation. However, the 
locking of mobile dislocation as a result of carbon segregation may also be responsible 
for the lowered reduction in the apparent Young’s modulus with decreasing hardness 
of the martensite phase. 
The reduction in the apparent Young’s modulus with increasing martensite volume 
fraction shows a peak at 35% of martensite phase. This peak may be related to follow-
ing counteracting effects: 
As suggested in previous studies, increasing the martensite volume fraction increases 
the mismatch in strain between the ferrite and the martensite during deformation. This 
leads to a larger strain partitioning [87] which increases the apparent Young’s modulus 
reduction. On the other hand, the current study has revealed that increasing the mar-
tensite volume fraction reduces the martensite hardness (Figure 4-5 a)). This leads to 
a lowered strain partitioning effect which lowers the reduction in the apparent Young’s 
modulus with pre-strain (Figure 4-12b)). Furthermore, the ferrite grain size may also 
have influenced the apparent Young’s modulus reduction. This study has found that 
the ferrite grain size reduces with increasing martensite volume fraction (Table 4-2). 
The work of Bergström et al. [73] and Granato and Lücke [27] suggested a relationship 
between the ferrite grain size and the resulting micro-plastic strain. Thus, a reduction 
in ferrite grain size due to the increase in martensite volume fraction could potentially 
lower the reduction in the apparent Young’s modulus. 
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The results of this section revealed the relationship between martensite hardness, mar-
tensite volume fraction and the reduction in the apparent Young’s modulus. It was also 
suggested, that the martensite shape and distribution may impact the apparent Young’s 
modulus evolution. 
In the next section, the observed trends will be used to develop an empirical equation 
to estimate the reduction in the apparent Young’s modulus. This equation could render 
complicated loading-unloading experiments unnecessary. However, while the impact 
of martensite hardness and fraction will be accounted for, the effect of martensite shape 
cannot be included as only one type of microstructure was investigated as part of this 
study. Thus, the developed equation will only be applicable for microstructures that 
are similar to that investigated in the current study. 
4.6 Empirical equation 
Clear trends between martensite hardness, phase fraction and the reduction of the ap-
parent Young’s modulus have been observed. This section will apply these trends to 
develop an empirical equation for the estimation of the saturated value of the apparent 
Young’s modulus, depending on the martensite phase volume fraction and hardness. 
Such data may be useful for steel alloy development. Used as material input, it may 
further lead to improved model accuracy in the numerical analysis of sheet forming 
processes and this without the need for extensive material testing.  
The martensite hardness (  ), the martensite volume fraction (V ) and the reduction 
in the apparent Young’s modulus (∆ ) for all seven materials are given in Table 4-7. 
Changes in ferrite hardness have not been taken into account given that the results 
revealed only minor changes in ferrite hardness with martensite volume fraction and 
tempering temperature (Figure 4-5). 
Table 4-7 – Martensite hardness (  ), martensite volume fraction (V ) and the reduc-
tion in the apparent Young’s modulus (∆ ). 
 M1 M1.5 M2a M2b M2c M3 M3.5 
∆  [GPa] 35.05 38.07 53.51 45.57 40.53 45.04 37.55 
V  [%] 20.09 23.44 35.65 35.65 35.65 48.06 61.88 
   [GPa] 6.85 6.76 5.99 5.07 3.40 5.50 4.75 
The empirical equation which estimates ∆  needs to consist of two terms, one repre-
senting the effect of    and one representing the effect of V . In Section 4.5 it has 
Chapter 4  105 
 
been shown that ∆  increases with   . An increase in V  without a reduction in    
would also increase ∆ . Thus, the effect of martensite hardness and martensite volume 
fraction on the change in the apparent Young’s modulus can be assumed to be an ad-
ditive term. The skeleton of the empirical equation is therefore: 
 
∆  =  (  ) +  (  ) 4-6 
The relationship between    and ∆  is given for a constant martensite volume frac-
tion in Figure 4-12 b) and the function representing this relationship can be assumed 
to be either linear or quadratic. The direct relationship between V  and ∆  was not 
investigated in this study, as a change in volume fraction inevitably changes the mar-
tensite hardness. Thus the order of f(V ) is unknown. It was shown in Section 4.5 that 
the combined effect of V  and    results in a peak of ∆  at a specific martensite 
volume fraction (Figure 4-12 b)). Thus, equations were selected that can reproduce 
such a peak. In this study the relationship between V  and ∆  is assumed linear 
(Eq. 4-7), quadratic (Eq. 4-8 and Eq. 4-9) or 2nd order (Eq. 4-10 and Eq. 4-11) while 
(as outlined above) the relationship between    and ∆  was chosen as linear (Eq. 4-8 
and Eq. 4-10) or quadratic (Eq. 4-7, Eq. 4-9 and Eq. 4-11). An equation which displays 
both relationships as linear functions was not investigated as it cannot result in a peak. 
Thus five equations were investigated in total: 
∆  =   ∗    +   ∗   
  +   4-7 
∆  =   ∗   
  +   ∗    +   4-8 
∆  =   ∗   
  +   ∗   
  +   4-9 
∆  =   ∗   
  +   ∗    +   ∗    +   
4-10 
∆  =   ∗   
  +   ∗    +   ∗   
  +   4-11 
where a, b, c, and d are coefficients. To determine which equation gives the best fit, 
the change in the apparent Young’s modulus,    and    for all seven microstructures 
(displayed in Table 4-7) was imported into R (version 3.2.3, Copyright (C) 2015 The 
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R Foundation for Statistical Computing [143]) and the nsl (Nonlinear Least Squares) 
function was run to optimise the coefficients a, b, c and d, to achieve the best fit be-
tween the five equations and the experimental data. As described in Section 3.2.8 the 
quality of the fit can be determined with the coefficient of determination (R2) [146]. 
R2 was the highest for Eq. 4-11 at 0.84 (the R-Project scripts, the fitted coefficients 
and R2 of all five equations are given in Appendix A). This suggests that the best fit 
between experimental data and empirical equation can be achieved assuming a 2nd or-
der relationship between the martensite volume fraction and the change in the apparent 
Young’s modulus. The fitted coefficients of the final equation (Eq. 4-12) are shown in 
Table 4-8. 
Table 4-8 – Fitted parameters for Eq. 4-11. 
a b c d R2 
-0.03 3.05 0.3 -27.8 0.84 
 
 
∆  = −0.03 ∗   
  + 3.05 ∗    + 0.3 ∗   
  − 27.8 4-12 
It has to be noted that    is used in % (for example   (M2a) = 35.65) and    is used 
in GPa. The experimentally measured reduction of the apparent Young’s modulus de-
termined in the current study is compared with the values calculated by Eq. 4-12 in 
Table 4-9. For most materials, the difference between the measured and estimated re-
duction in the apparent Young’s modulus is insignificant. M3 and M2a show the high-
est error with approximately 10 %.  
Table 4-9 – Measured and calculated (with Eq. 4-12) reduction in the apparent 
Young’s modulus in GPa and the mismatch (error) between the calculated and meas-
ured values in GPa. 
 M1 M1.5 M2a M2b M2c M3 M3.5 
        34.9 39.7 48.9 45.5 40.9 49.1 36.3 
      35.04 38.07 53.51 45.56 40.53 45.04 37.55 
error 0.12 1.64 4.65 0.04 0.36 4.03 1.21 
As has been shown in Section 4.3.1, the martensite phase hardness has a linear rela-
tionship with the martensite volume fraction for the as-quenched DP microstructures 
(Excluding M2b and M2c). The fitted linear equation of the experimental martensite 
hardness trend line, shown Figure 4-5 a) is: 
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   =  7.88 − 0.05 ∗    4-13 
Combining Eq. 4-13 with Eq. 4-12 results in 
 ∆  = −0.03 ∗   
  + 2.78 ∗    − 7.46 4-14 
With Eq. 4-14 the change in the apparent Young’s modulus can be estimated as a 
function of the martensite volume fraction and the results are compared with the ex-
perimental values determined for the as-quenched DP microstructures in Figure 
4-13 a). The change in the apparent Young’s modulus as a function of the martensite 
hardness using Eq. 4-12 is compared with the experimental values (of M2a, M2b and 
M2c with    = 35 %) in Figure 4-13 b). (For comparison, Figure 4-13 a+b) have been 
generated for all five equations (Eq. 4-7 – 4-11) and the results have been attached in 
Appendix A.) 
A good fit can be observed suggesting that the empirical equation produces reasonable 
results for the effect of martensite volume fraction and hardness on the change in the 
apparent Young’s modulus for the type of microstructure investigated in this study and 
for martensite volume fractions that are within the martensite volume fractions that 
were applied for developing the model (between 20 and 60 % of martensite volume 
fraction). The estimated apparent Young’s moduli show that the highest reduction is 
around 40 % of martensite volume fraction.  
For the extreme cases of 0 % and 100 % martensite volume fraction the developed 
equation predicts an increase in the apparent Young’s modulus. This is implausible as 
fully ferritic or fully martensitic microstructures should show no change in the appar-
ent Young’s modulus if strain partitioning is considered to be the only cause. However, 
if the mechanism of dislocation pile-up and release is considered there would be a 
reduction in the apparent Young’s modulus for a fully martensitic or ferritic micro-
structure; not an increase, as predicted by the empirical equation. The developed equa-
tion is, therefore, only applicable for the region of 20 % - 60 % martensite volume 
fraction. 
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a) 
 
 
b) 
 
Figure 4-13 – Predicted change in the apparent Young’s modulus for a) change in 
martensite volume fraction of as-quenched DP microstructures, b) change in marten-
site hardness with martensite volume fraction of 35 %. 
Given that Eq. 4-12 was established by determining the best fit with the experimental 
data shown in Figure 4-12 its functionality needs to be proven with material data that 
was not part of the data fitting process. For this, three previous studies [1, 3, 148] have 
been analysed and the data required to estimate the reduction in the apparent Young’s 
modulus with Eq. 4-12 is displayed in Table 4-10. The martensite hardness was only 
provided in one of the three studies. For the other two cases, the rule of mixture 
(Eq. 4-4) in combination with the experimentally observed trend between the marten-
site carbon content and the martensite nano-hardness (Figure 4-6) was used to estimate 
the martensite hardness.  
Chapter 4  109 
 
Table 4-10 – Martensite hardness and volume fractions of three materials analysed in 
previous studies and used to estimate the change in the apparent Young’s modulus 
using Eq. 4-12. 
 Cobo et al. [3] Chongthairungruang 
et al. [1] 
Pavlina et al. [148] 
Martensite volume 
fraction [%] 
25 40 24.2 
Carbon content in ma-
terial [wt%] 
0.15 0.110 0.1 
Carbon content in mar-
tensite phase [wt%] 
0.537 (calc.) 0.24 (calc.) 0.41 
Martensite Phase 
Hardness 
7 GPa (calc.) 5.7 GPa (calc.) 8.56 GPa 
Microstructure 
banded or chain-like 
martensite martensite 
ferritic matrix with em-
bedded martensite islands 
Mix between marten-
site islands and banded 
or chain-like marten-
site 
 
   
The data from Table 4-10 was used in combination with equation (Eq. 4-12) to esti-
mate the reduction in the apparent Young’s modulus. The comparison between esti-
mated and measured apparent Young’s modulus reduction is shown in Figure 4-14. 
 
Figure 4-14 – Estimated and measured change in the apparent Young’s modulus for 
three DP steels, consisting of linked martensite bands, a mixture between granular and 
banded martensite, and a ferritic matrix with martensite islands. 
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A reasonable prediction was achieved for Cobo et al. ‘s study [3] where the second 
phase is present as banded martensite (similar to the microstructure of the present 
study). The reduction in the apparent Young’s modulus for the study of Pavlina et al. 
[148], where the martensite is present as a mix of granular and banded martensite, is 
moderately overestimated by the empirical equation with an approximate error of 
15 %. The worst correlation between the empirical and the experimental values can be 
observed for Chongthairungruang’s study [1] where the reduction in the apparent 
Young’s modulus is overestimated by approximately 40 %. In their study, the micro-
structure was described as a ferritic matrix with embedded martensite islands.  
The results generated with the empirical equation suggest that the shape and distribu-
tion of the microstructure do not only influence the pre-strain at which the apparent 
Young’s modulus saturates (as outlined in Section 4.5), but also influence the overall 
amount of apparent Young’s modulus reduction. The reduction in the apparent 
Young’s modulus was overestimated by the empirical model for microstructures 
where the second phase consisted of martensite islands embedded in a ferrite matrix 
compared to the microstructure of the DP grade used for model calibration where the 
martensite grains are connected and form a network around the ferrite grains. This 
suggests that a material with unconnected martensite islands experiences less reduc-
tion in the apparent Young’s modulus, compared with a microstructure where the mar-
tensite grains are connected and form a network..  
 Concluding remarks on the empirical equation 
In this section, an empirical equation was developed to estimate the reduction in the 
apparent Young’s modulus depending on the martensite volume fraction if the chem-
ical composition is known for estimating the martensite hardness. 
The developed equation was verified by comparison with values found in the literature. 
This revealed that the reduction in the apparent Young’s modulus can be estimated for 
DP steel grades that show a similar shape and distribution of the martensite phase as 
the material used for model calibration, in this case, a DP steel with chain-like marten-
site network, surrounding the granular ferrite. The empirical model overestimated the 
reduction in the apparent Young’s modulus for microstructures containing isolated 
martensite grains. This suggests that the change in the apparent Young’s modulus not 
only depends on martensite hardness and volume fraction but is also influenced by the 
martensite shape and distribution. 
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Until now, loading-unloading tests have to be performed to measure the evolution of 
the apparent Young’s modulus, which is then imported into FEA models to increase 
the accuracy of springback predictions. The data generated with the empirical equation 
could be used instead to preplace time-consuming loading-unloading investigations. 
To show the applicability of this approach, numerical analysis was performed in the 
next section and the model accuracy investigated. 
4.7 The effect of the reduction in the apparent Young’s modu-
lus on springback prediction in V-bending of DP-steels 
It has been shown in Section 4.4 that springback simulations which only use the initial 
Young’s modulus underestimate the springback in sheet forming. Over recent years, 
model accuracy regarding springback has been improved by including the ng’s modu-
lus into forming simulations [20, 159, 160]. This is usually achieved by measuring the 
change in the apparent Young’s modulus with pre-strain and fitting the Yoshida 
equation to the experimental data (as it has been done in the current study in Section 
4.5.1). The resulting evolution of the apparent Young’s modulus with pre-strain is then 
included using a subroutine in the FEA simulation. The empirical equation developed 
in Section 4.6 allows estimating the reduction in the apparent Young’s modulus if the 
volume fraction of martensite and the chemical composition is known; this renders 
complicated loading – unloading tests unnecessary and may provide a time-effective 
solution to account for the apparent Young’s modulus reduction in the numerical 
analysis of sheet forming operations. However, only one data point from the apparent 
Young’s modulus evolution with pre-strain is generated (the saturated apparent 
Young’s modulus value, equation 4-12 (Section 4.6)) by the presented equation which 
may not be sufficient.  
To investigate whether the empirical equation is a viable alternative to experimentally 
generated apparent Young’s modulus data, the Abaqus simulation of Section 4.4 was 
repeated. This time, the reduction in the apparent Young’s modulus was included, us-
ing the following two approaches. The first approach accounts for the change in the 
apparent Young’s modulus by implementing the Yoshida equations with the parame-
ters displayed in Table 4-6; those are based on data generated by the experimental 
tension release tests performed in Section 4.5.1. In the second approach, the evolution 
of the apparent Young’s modulus is accounted for by using the data provided by the 
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empirical equation. For this, a simplification was made. This assumed that the apparent 
Young’s modulus decreases in a linear fashion with pre-strain until the point of satu-
ration is reached. After this the modulus is assumed to be constant. The apparent 
Young’s modulus evolution with pre-strain of both approaches is compared in Figure 
4-15. Three points were used to generate the graph of the second approach: 
P1: The initial Young’s modulus at 0 % of pre-strain  
P2: The saturated Young’s modulus estimated by Eq. 4-12 at the saturation strain of 
3 %, which is the average of the saturation strains determined in the present study 
(shown in Table 4-6). It was shown in Section 4.5.1 that the saturation strain depends 
on the shape of the martensite phase. Thus for a DP microstructure which consists of 
unconnected martensite islands, the value of saturation strain may need to be adjusted. 
P3: The saturated Young’s modulus estimated by Equation 4-12, in this case positioned 
at 10 % of pre-strain. (The strain value of P3 has to be as large as the maximum amount 
of strain experienced by any node during the simulation) 
 
Figure 4-15 – Comparison of the conventional Yoshida fit and the linear fit achieved 
by using the points provided by the empirical equation. 
The springback angles measured for the three numerical models are compared with 
those measured experimentally in Figure 4-16. All three numerical models predict a 
trend similar to that observed in the experimental study, showing an increase in spring-
back with flow stress. Implementing the Young’s modulus evolution with plastic 
strain, increased the predicted springback angle and produced results closer to the ex-
perimental values. 
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Figure 4-16 – Accuracy of FEA model for springback analysis, using a constant 
Young’s modulus (light grey), the experimental change in the apparent Young’s mod-
ulus implemented using the Yoshida equation (dark grey) and accounted for with the 
empirical equation developed in the present study (yellow). 
The accuracy of the adjusted models was analysed using the error in springback pre-
diction determined with Eq. 4-5 and the results are shown in Table 4-11. Including the 
change in the apparent Young’s modulus using the Yoshida equation resulted in a very 
good fit with the experimental results for Material 1, 2a and 3 showing an error in 
springback of less than 1 %. Thus, the springback could accurately be predicted for all 
three microstructures, independent of their martensite volume fraction and material 
strength.  
The springback prediction for the tempered Materials 2b and 2c is less accurate with a 
remaining error of 3-5 %. One explanation for this could be the weaker fit achieved 
for the Yoshida equation, which is expressed by the coefficient of determination (R2). 
For Materials 2b and 2c, the R2 value is below 0.92 while for Materials 1, 2a and 3 a 
much better fit was achieved leading to R2 =0.966.  
Including the change in the apparent Young’s modulus by implementing the data 
provided with the empirical data of Eq. 4-12 also results in acceptable model accuracy. 
However, it can be seen that model accuracy is moderately lower compared with the 
conventional approach. This is likely due to the linear approximation between P1 and 
P2 (Figure 4-15) which results in an overestimation of the apparent Young’s modulus 
for the lower strain region and thus an underestimation of springback. 
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Table 4-11 – V-bending FEA springback results and fitting parameters of Yoshida 
equation. 
 Material 1 
Material 
2c 
Material 
2b 
Material 
2a 
Material 3 
Flow stress at unloading 
[Mpa] 
524 655 845 913 940 
R2 for Yoshida fitting 0.981 0.911 0.919 0.995 0.966 
Error in Springback predic-
tion with constant E 
12.48 % 17.69 % 18.25 % 19.03 % 13.89 % 
Error in Springback predic-
tion with ∆E 
0.85 % 4.53 % 3.22 % 0.95 % 0.29 % 
Error in Springback predic-
tion with ∆E – empirical 
equation 
1.51 % 7.94 % 6.70 % 6.44 % 1.78 % 
 Concluding remarks on the applicability of the empirical apparent 
Young’s modulus data for springback analysis in FEA 
In this section, it was shown that the prediction of springback is improved by account-
ing for the change in Young’s modulus with plastic strain and for three material grades 
(Material 1, Material 2a and Material 3) the error was below 1 %. Given that those 
materials varied in martensite volume fraction, yield strength and tensile strength, this 
study showed that the accuracy of springback prediction does not depend on micro-
structural effects or the strength level of the material as suggested in [22, 116]. Lower 
model accuracy was observed for Materials 2b and 2c with a remaining error in spring-
back prediction of 3-5 %. This may be related to a less accurate fit between the Yoshida 
equation and the experimental Young’s modulus data achieved for these alloys.  
Using solely the data provided by the empirical equation, developed in Section 4.6, a 
simplified estimation of the reduction in the apparent Young’s modulus could be made; 
a linear relation of the apparent Young’s modulus with pre-strain until the point of 
saturation after which the modulus is assumed to be constant. Springback simulations 
where the data of the empirical model is implemented show a clear improvement in 
model accuracy (compared with the model which only uses the initial Young’s 
modulus) and results are only slightly less accurate than those achieved with the con-
ventional approach.  
This suggests that the empirical equation developed here is a viable alternative to time-
consuming loading-unloading investigations. However, in Section 4.6 and Section 
4.5.1 it was found that the reduction in the apparent Young’s modulus and the strain 
at which the apparent Young’s modulus saturates depend on the martensite shape and 
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distribution. Thus, the data predicted with the empirical equation and the saturation 
strain of 3 % (used in this section) may only be representative for the current micro-
structure.  
4.8 Summary 
This chapter aimed to identify the effect of the microstructure on the unloading 
behaviour in DP steel. Seven DP microstructures, different in martensite volume frac-
tion and martensite hardness, were produced by heat treatment of an industrial DP780 
steel. The produced microstructures were analysed by optical microscopy and tested 
in nano-hardness and tensile tests. The results show that, for these experiments, the 
martensite hardness decreases with increasing martensite volume fraction and increas-
ing tempering temperature. While the ferrite hardness stays nearly unchanged for all 
heat treatments, the ferrite grain size decreases with increasing martensite volume frac-
tion.  
The change in the apparent Young’s modulus was studied using loading-unloading 
tests for all microstructures and the results discussed in terms of martensite volume 
fraction and hardness identified. Next, combining the microstructure results and the 
apparent Young’s modulus data, an empirical equation was developed. Lastly, V-
bending simulations were performed to investigate whether implementing the data 
provided by the empirical equation is a viable alternative to using the data of time-
consuming loading-unloading experiments. 
 
The effect of martensite volume fraction and hardness on the change in the apparent 
Young’s modulus 
This section addressed the main question of the chapter: The relationship between the 
martensite hardness, martensite volume fraction and the change in the apparent 
Young’s modulus.  
The experimental results compared with previous literature have shown that DP mi-
crostructures which consist of elongated and connected martensite grains linked into a 
chain-like network, as the steel investigated in this study, seem to experience a quicker 
reduction and earlier saturation in the apparent Young’s modulus compared with DP 
steels that show martensite islands embedded in a ferrite matrix. Thus, it was found 
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that the change in the apparent Young’s modulus depends on the shape and distribution 
of the martensite phase.  
The discovered relationship between martensite shape and point of saturation in the 
apparent Young’s modulus may be related to a change in dislocation density [84, 157], 
as the amount of mobile dislocation has been previously associated with the reduction 
in the apparent Young’s modulus [5, 22, 25, 124].   
The martensite hardness decreased with increasing tempering temperature, which re-
sulted in a lowered reduction in the apparent Young’s modulus. This proves that the 
reduction in the apparent Young’s modulus increases with martensite hardness, as had 
been suggested previously [148]. 
Increasing the martensite volume fraction facilitates the strain partitioning which in-
creases the apparent Young’s modulus reduction. At the same time increasing the mar-
tensite volume fraction also decreases the martensite hardness and ferrite grain size 
which has a diminishing effect on the apparent Young’s modulus reduction. The com-
bination of those effects can be observed as a peak in the apparent Young’s modulus 
reduction with martensite volume fraction, at 35 % of martensite. 
This is an important finding, as it has previously been assumed that the reduction in 
the apparent Young’s modulus is purely related to the stress at unloading [22, 116]. 
 
Development of an empirical equation to estimate the reduction in the apparent 
Young’s modulus 
Using the observed trends in Section 4.5, an empirical equation was developed to 
estimate the reduction in the apparent Young’s modulus for a given martensite volume 
fraction and martensite hardness. It was assumed that the effect of martensite hardness 
and martensite volume fraction on the change in the apparent Young’s modulus has to 
be an additive term. Changes in ferrite hardness have not been taken into account given 
that the results revealed only minor changes in ferrite hardness with martensite volume 
fraction and tempering temperature (Figure 4-5). 
It was shown that the developed equation represents the observed trends of the present 
study well, though it has to be noted that the equation only shows reasonable results 
within the martensite volume range investigated (between 20 % and 60 % martensite).  
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The developed equation was verified by comparison with values found in the literature. 
It was shown that the reduction in the apparent Young’s modulus could be estimated 
for DP steel grades where the martensite forms a chain-like structure while the reduc-
tion in the apparent Young’s modulus for microstructures containing unconnected 
martensite islands was overestimated.  
The results of Section 4.5 showed that the reduction in the apparent Young’s modulus 
is dependent on the martensite hardness and volume fraction. The predictions made 
with the developed empirical equation made clear that the reduction in the apparent 
Young’s modulus is also affected by the martensite shape, as it was found that a ma-
terial with isolated martensite grains experiences less reduction in the apparent 
Young’s modulus, compared with a microstructure where the martensite grains are 
connected. These findings may be useful for steel alloy development. 
At the same time, the results show that the developed equation can only be used to 
estimate the reduction in the apparent Young’s modulus for DP microstructures that 
are similar to that investigated in the current study.  
The data provided by the empirical equation can be used as material input to improve 
model accuracy in the numerical analysis of sheet forming processes. Until now, this 
has been realised by performing loading-unloading tests, fitting the results to the Yo-
shida equation and then implementing them into FEA simulations. The developed 
equation is an alternative to time intensive apparent Young’s modulus investigations.  
 
The effect of changes in the apparent Young’s modulus on springback prediction of 
DP steels 
Lastly, V-bending simulations were performed to investigate whether implementing 
the data provided by the empirical equation is a viable alternative to using the data of 
time-consuming loading-unloading experiments. This has been done in two ways; in 
one, by implementing the Yoshida equation which has been fitted to the experimental 
apparent Young’s modulus data in Section 4.5.1 and in another, simulation was per-
formed implementing the reduction of the apparent Young’s modulus by using the data 
provided by the empirical equation presented here. 
The results showed that by incorporating the apparent Young’s modulus evolution by 
only using the data from the empirical equation, the springback can be predicted well 
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for all samples. The accuracy was only slightly less than those achieved by implement-
ing the fitted Yoshida equation. This suggests that the empirical equation developed 
here is a viable alternative to time-consuming loading-unloading investigations. 
In Section 4.6 it was shown that the empirical equation could only estimate the 
apparent Young’s modulus reduction for microstructures which consist of a granular 
ferrite surrounded by a network of martensite. Additionally. in Section 4.5.1 it was 
found that the strain at which the apparent Young’s modulus saturates also depends on 
the shape and distribution of the martensite. An additional study for DP microstructure 
consisting of martensite islands surrounded by a ferrite matrix would, therefore, be 
necessary to improve the present equation by adding a third term which accounts for 
the dependency of apparent Young’s modulus reduction on martensite shape and dis-
tribution.  
 
In the current chapter the effect of microstructure on the springback behaviour is ana-
lysed, which revealed the relationship between martensite hardness, martensite volume 
fraction, martensite shape and the reduction in the apparent Young’s modulus. Previ-
ous studies relate the reduction in the apparent Young’s modulus with two mecha-
nisms, residual stresses arising from stress–strain partitioning [18, 19], and dislocation 
movement in form of pile up and repulsion as well as dislocation bowing [5, 20-27, 
124]. However, due to a lack of experimental microstructural work, it is still unclear 
which of these mechanism causes the reduction in the apparent Young’s modulus? 
The next chapter (Chapter 5) aims to answer this questions. 
The current study, similar to the other apparent Young’s modulus studies, mainly fo-
cused on the change in the apparent Young’s modulus with forward pre-strain. Stamp-
ing, which is one of the most used sheet metal forming processes, can consist of bend-
ing and reverse bending with complex strain paths and the present work is limited to 
conclusions that could be drawn upon the apparent Young’s modulus after strain re-
versal. To investigate the impact of strain reversal on the change in the apparent 
Young’s modulus, the unloading behaviour in compression, with and without 
prior strain reversal will be analysed in Chapter 6. 
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 Microstructural effects during unloading of dual 
phase steel 
5.1 Introduction 
Chapter 4 investigated the effect of the microstructure on the change in the apparent 
Young’s modulus and showed that the chord modulus reduces with pre-strain. The 
reduction in modulus is a result of an additional unloading strain, as illustrated in Fig-
ure 2-35. This adds to the unloading strain that would be expected by the linear theory 
and decreases the modulus. Previous studies mainly related the additional unloading 
strain to two mechanisms, residual stresses that arise from stress-strain partitioning [8, 
15, 18, 19, 123]; and dislocation movement in form of pile-up and repulsion as well as 
dislocation bowing [5, 20-27, 124]. 
Zhongua and Haicheng [8, 123] analysed the deformation mechanics in DP steels and 
suggested that the soft ferrite phase may yield during unloading as a result of residual 
phase stresses. Residual phase stresses arise during the deformation of multiphase 
materials which contain phases of different hardnesses, due to the stress-strain 
partitioning. The harder phase has a higher resistance to deform which leads to a higher 
deformation in the softer phase and an inhomogeneous stress field within the ferrite 
grains, with higher stresses close to the martensite particles. This leads to localised 
plastic deformation of the ferrite during unloading [123]. The plastic micro-strain gen-
erated through this causes a non-linear unloading behaviour. This was numerically 
confirmed by Govik et al. [15] by micromechanical finite element (FE) analysis of a 
small volume element that represented the microstructure and accounted for the elas-
tic-plastic response of the individual phases. The study reproduced the experimental 
trends but underestimated the overall level of chord modulus reduction. The authors 
argued that the number of elements that is forced into reverse yielding in the ferrite 
phase increases with phase strength, i.e., depends on the ferrite’s hardening behaviour. 
It was assumed that material hardening in the ferrite is low and isotropic and that there-
fore the stress in the ferrite does not significantly increase after a certain amount of 
pre-strain. In the numerical analysis, this resulted in the stagnation of elements being 
forced into reverse yielding and resulted in the saturation of the apparent Young’s 
modulus change. 
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More recent studies associate the additional plastic micro-strain during unloading with 
dislocation movement. With increasing flow stress, mobile dislocations pile-up against 
grain boundaries or entangle in dislocation cells [22, 23, 27, 29, 30, 84]. When the 
external force is reduced during unloading, mobile dislocations repel away from each 
other and move back while pinned dislocations can bow out [5, 22, 25, 26]. In addition, 
the number of mobile dislocations during reverse deformation can increase through 
disintegration from dislocation cells which extends the effect of inelastic unloading [5, 
25]. This dislocation movement results in plastic micro-strain which is concurrent with 
the elastic unloading strain and increases the overall unloading strain. As a conse-
quence, the apparent Young’s modulus decreases [5, 22, 25, 26, 124].  
As the dislocation density increases during deformation, this effect initially increases 
during the first few percent of pre-strain [5, 24]. However, increasing the dislocation 
density also increases the interaction between dislocations e.g. pinning and entangle-
ment which reduces the amount of local free slip or bowing areas [23]. As the 
maximum amount of free slip and bowing areas is limited by the grain size, the number 
of dislocations which can contribute to the inelastic unloading stagnates at higher strain 
levels [23]. Granato and Lücke [27] suggested a proportional relationship between 
mobile dislocations, their mean free path and the resulting micro-plastic strain. This 
would explain why the apparent Young’s modulus reduction saturates at higher strain 
levels as observed in their study for single phase materials (Figure 5-2) and dual phase 
materials (Figure 4-11).  
Only limited microstructural work can be found that aimed at the experimental verifi-
cation of the mechanisms mentioned above. Yang et al. [24] performed nano-
indentation tests in mild steel to show that the Young’s modulus decreases towards the 
grain boundary. They concluded that this is the result of mobile dislocations and the 
corresponding dislocation pile-ups near the grain boundaries. Mompiou et al. [33] per-
formed in-situ loading-unloading experiments in a transmission electron microscope 
(TEM) showing that in ultra-fine grained aluminium dislocations pile-up against grain 
boundaries and move back during unloading. Benito et al. [22] found that the reduction 
in Young’s modulus in pure iron cannot be attributed to residual stress or texture. They 
showed that during the first few percent of straining the Young’s modulus decreases 
while the dislocation density increases by investigating the dislocation structure at sev-
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eral pre-strain levels using a TEM. At higher pre-strain, the Young’s modulus recov-
ered which was associated with the formation of dislocation cell structures which re-
duced the number of dislocations that were able to move or bow out. 
None of above experimental work focused on dual phase (DP) steels. Indeed all pre-
vious studies on DP steel were limited to quantitatively reproducing the effect of dis-
location pile-ups and micro-plastic strain [27-30] and the modelling of the inelastic 
unloading of DP steel by implementing the mechanisms described in [4, 15, 21, 31, 
32]. The most recent numerical study performed by Chen et al. [21] suggested that to 
accurately model the inelastic unloading behaviour both effects, residual stresses from 
strain partitioning and dislocation pile-ups, have to be taken into account. The under-
estimation of the chord modulus reduction in Govik’s continuum model [15] may, 
therefore, result from neglecting the effect of dislocation pile-ups.  
Up to now, the presence of the mechanism applied in the above models to represent 
and explain the non-linear unloading in DP steels are speculative. Even though some 
of the models and quantitative relations mentioned above have been successfully ap-
plied to reproduce the mechanical material response measured during unloading, the 
mechanisms ultimately responsible for the reduction in the apparent Young’s modulus 
in DP steels have not been experimentally verified. For this, experimental in-situ mi-
crostructure investigations are necessary.  
One potential reason that dislocation motion during unloading has not been studied for 
DP steels may be the traditional requirement for TEM analysis. The thin foils neces-
sary for diffraction contrast imaging are difficult to prepare and may lead to a complex 
stress state associated with random thinning holes. This in combination with the small 
sample sizes required, makes in-situ deformation studies of bulk material difficult [75, 
76].  
Recently, a new approach to investigate dislocations and twin structures in metals by 
electron channelling contrast imaging (ECCI) has been developed [75-81]. Using the 
back scatter electron (BSE) detector in a scanning electron microscope (SEM), ECCI 
enables in-situ studies of dislocation structures while the bulk material is deformed. 
Even though dislocation density studies with ECCI are limited as the dislocations ob-
served only represent a part of the total amount of dislocations they are well suited for 
the observation of the formation, evolution and movement of dislocations at different 
strain levels [76, 77].  
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This chapter aims to experimentally determine the microstructural cause of 
apparent Young’s modulus reduction in DP steel. This will be done by investigating 
the two behaviours which are associated with the generation of micro-plastic strain in 
DP steel during unloading: strain partitioning and dislocation movement. For this first, 
loading-unloading tests are performed on single phase martensitic and ferritic steels. 
For these single phase steels, the presence of a reduction in the apparent Young’s mod-
ulus would suggest that non-linear unloading behaviour is at least partially due to dis-
location motion. 
After this, loading-unloading experiments are conducted in-situ in a SEM microscope. 
The investigation is conducted for Material 2a because in Chapter 4 this material 
showed the highest reduction in the apparent Young’s modulus suggesting that the 
mechanism to be observed will be largest. Sheets of M2a were produced by heat treat-
ment and water quenching, as described in Section 3.1. The sheets were then cut into 
small strips and mounted in polyfast (as outlined in Section 3.1.1) for preliminary dis-
location investigations. For in-situ loading-unloading testing, dog-bone shaped speci-
mens, with the dimensions outlined in Figure 3.4 a), were wire cut in the rolling direc-
tion. Both sample types (mounted in poly fast and wire-cut into tensile specimen 
shape) were then ground and polished as described in Section 3.2.2 to allow for 
microstructure observations during deformation.  
Micrographs were produced using the new ECCI technique to investigate the appear-
ance and motion of dislocation during unloading. Strains within the grain were ana-
lysed using digital image correlation (DIC) to analyse the local strain partitioning in 
the ferrite during unloading.  
To enable the discussion of the observed effects in a more quantitative manner, the 
strain generated by dislocation motion and that measured using DIC was compared 
with the unloading strain calculated for the bulk material using the findings of Chapter 
4. The results were complemented by microstructure FE simulation to analyse to which 
extend the strain partitioning can contribute to the plastic unloading strain. 
5.2 Inelastic unloading in single phase microstructures 
To investigate if phase stresses can be solely responsible for the reduction in the ap-
parent Young’s modulus, loading-unloading experiments were performed on single 
phase steels. As Zhongua and Haicheng [8, 123] suggested, strain partitioning arises 
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during unloading as a result of an inhomogeneous stress field within the ferrite grains, 
caused by the harder martensite phase [123]. A microstructure which only consists of 
grains of similar hardness, therefore, should not experience these residual stresses dur-
ing unloading and should not show any reduction in the apparent Young’s modulus if 
strain partitioning is the only cause.  
Three commercial single phase materials, two fully martensitic steels and a fully fer-
ritic steel were experimentally studied. The stress-strain curves and the chemical com-
position of the single phase materials are given in Appendix E. The microstructures of 
the martensitic steels (MS 900 and MS 1600) and of the ferritic steel (DC 05) are 
shown in Figure 5-1. The ferritic steel consists of large grains while both martensitic 
steels consist of fine martensite laths. Loading-unloading tests were performed, as de-
scribed in Section 3.2.7. The initial Young’s modulus was also measured during the 
sample deformation using strain gauges. The change in the apparent Young’s modulus 
could only be investigated up to 4 % of tensile pre-strain for the martensitic steels due 
to their limited uniform elongation.  
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a) 
 
b) 
 
c) 
 
 
 
Figure 5-1 – Microstructure images of, two fully martensitic steels a) MS1600, b) 
MS900 and c) a fully ferritic steel DC05. 
The Yoshida equation has been fitted using the regression method (as described in 
detail in Section 3.2.8), and the resulting change in the apparent Young’s modulus 
curves are shown in Figure 5-2. All three steels show a clear reduction in the apparent 
Young’s modulus. Similar to what has been observed for the DP microstructures, the 
apparent Young’s modulus reduces rapidly within the first few percent of strain and 
then stabilises. The stabilisation is, however, difficult to observe for the martensitic 
steels, due to the small strain range which was examined.  
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Figure 5-2 – Change in chord modulus of two martensitic and one ferritic single phase 
steels. 
While the overall reduction for the martensitic steels is relatively small, 12 % and 8 % 
for Mart 900 and Mart 1600 respectively, the ferritic steel shows a reduction in the 
apparent Young’s modulus of 15 % which is only slightly less than the smallest reduc-
tion of 16 % observed for the DP steel grade M1.  
Recent investigations have shown that fully martensitic steels experience Bauschinger 
effects as a result of residual stresses [161, 162]. The authors suggest that martensitic 
steels should not be considered as a single phase material but as a heterogeneous ma-
terial of ‘soft’ and ‘hard phases’ depending on the carbon content [161] or individual 
laths of different strength as a result of variations in dislocation density [162]. Here, 
the ‘soft phases’ control the yielding whereas the ‘hard phases’ provide the strength, 
similar to what has been observed for DP steels. Internal stresses between the areas of 
different hardness are generated during the deformation which leads to early re-yield-
ing of the softer phases after strain reversal. A combination of both mechanisms, dis-
location motion and residual stress may, therefore, be present during the unloading of 
fully martensitic steels and responsible for the reduction in the apparent Young’s mod-
ulus observed in this study.  
Residual stresses of the kind discussed above, do however not occur in fully ferritic 
steels and the reduction in the apparent Young’s modulus observed here can therefore 
not be related to stress-strain partitioning. This suggests that dislocation motion must 
have caused the additional unloading strain and the resulting reduction of the apparent 
Young’s modulus.  
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To further investigate both mechanisms, in-situ tension-release tests were performed 
with Material 2a. The in-grain strain partitioning and dislocation movement during 
unloading are investigated for one ferrite grain. The results are compared with micro-
scale FE analysis to analyse the contribution of each of the two mechanisms to the 
reduction in the apparent Young’s modulus. 
5.3 In-situ loading-unloading experiments 
In-situ tensile loading-unloading tests were performed with the tensile setup described 
in Section 3.2.2. The setup only allows the measurement of the sample extension 
(movement of the sample clamp) but does not allow for strain measurement in the 
gauge area of the sample. To determine the strain at unloading during the loading-
unloading experiments the strain during deformation has to be known and the relation-
ship between the movement of the clamp and the tensile strain of the sample was 
established. For this, preliminary tensile tests were performed in-situ and compared 
with the data obtained by ex-situ tensile tests using a standard 30 kN Instron tensile 
tester. The points of unloading were chosen as 1 %, 2 %, 3 % and 4 % of tensile strain 
and the correlating tensile stresses determined (Figure 5-3). Using the relation between 
the tensile stress and the clamp movement (Figure 5-3 b)) the clamp extensions corre-
sponding to the stresses identified in Figure 5-3 a) were determined and the tensile 
strain correlated with the clamp movement for the 4 levels of pre-strain. The stresses 
and correlated clamp extensions at the chosen points of unloading are shown in Table 
5-1.  
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a) 
 
b) 
 
Figure 5-3 – Correlation between; a) engineering stress vs engineering strain deter-
mined in the ex-situ tensile test, b) engineering stress vs clamp movement deter-
mined in the in-situ tensile test. 
Table 5-1 – Engineering stress and clamp extension of the unloading points chosen in 
Figure 5-3.  
Chosen pre-strain level for un-
loading step 
1 % 2 % 3 % 4 % 
Eng. Stress [MPa] 604.7 738.5 798.2 832.0 
Clamp extension [μm] 318 467 591 698 
During testing the clamp was moved to extensions that correlated with 1 %, 2 %, 3 % 
and 4 % tensile strain. Once an extension was reached the sample was unloaded to zero 
force and reloaded afterwards to the extension correlating with the next strain level 
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(Figure 5-4). At the four strain values as well as after each unloading step the tensile 
test was stopped and the motor disengaged to allow for microstructure imaging, as 
outlined in Section 3.2.2. 
 
Figure 5-4 – Schematic of the in-situ loading-unloading test routine with points high-
lighted where micrographs were taken. 
Figure 5-5 schematically illustrates the variation in electron backscattering as the elec-
tron beam changes its angle relative to a crystal lattice. It shows that a large angle 
between the incoming electron beam and the crystal lattice results in a high number of 
backscattered electrons. The number of backscattered electrons determines the con-
trast of the micrograph, i.e. a high number results in a bright micrograph and a small 
number in a dark micrograph. Figure 5-5 b) shows that the number of backscattered 
electrons, and through that the brightness of the micrograph, decreases for smaller an-
gles between the electron beam and crystal lattice. A low number of backscattered 
electrons allows the detection of dislocations, Figure 5-5 c); those disappear for a high 
amount of backscattered electrons. 
Analysis of the micrographs (taken at the points indicated in Figure 5-4) revealed that 
the analysed grain shifts into a scatter of grey artefacts for strains higher than 1 %, and 
the clear observation of grain features (such as dislocations) was only possible for the 
first loading-unloading cycle. This is most likely the effect of a change in grain orien-
tation due to the deformation strain which changes the angle between the grain lattice 
and the electron beam. The grain no longer represents a valid condition for ECCI as 
dislocations disappear in the resulting scatter and grain features are greyed out, making 
it impossible for the DIC to track material deformation. 
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The dislocation- and DIC analysis performed in this chapter are therefore limited to 
the first three micrographs (Before deformation, before unloading at 1 % pre-strain 
and after unloading at 1 % pre-strain). All nine micrographs can be found in Appendix 
B. 
a) 
 
b) 
 
c) 
 
Figure 5-5 – Variation in electron backscattering for a) low angle ( ) between beam 
and lattice, b) high angle ( ) between beam and lattice, c) as a result of dislocation. 
5.4 Unloading strain calculations 
To later quantitatively analyse the strain measured with the DIC and that predicted 
through dislocation movement, the micro-plastic strain of the bulk material was first 
calculated using the results obtained in Section 4.5.1. Inelastic unloading is caused by 
the generation of an additional unloading strain (  _       ) which increases the un-
loading strain from   _        to   _      , as schematically shown in Figure 5-6. The 
expected unloading strains (  _     ) for the bulk material during the in-situ loading-
unloading tests were calculated using the following equation: 
 
  _      =
  
      
 5-1 
Where TS is the true stress [MPa] and        [MPa] the chord modulus at the point of 
unloading.  
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Figure 5-6 – Schematic of the non-linear stress-strain response during unloading. 
       at 1 %, 2 %, 3 % and 4 % of pre-strain were determined using the fitted Yoshida 
equation for Material 2a (Section 4.5.1). The true stresses at unloading were identified 
using the averaged tensile data from Section 4.3.2. The values for each unloading point 
are shown in Table 5-2. 
To calculate the micro-plastic portion of the unloading strain (  _       ), the difference 
between   _       calculated with the chord modulus and   _        calculated with the 
original material’s Young’s modulus (  ) (Section 3.2.6) was determined using: 
 
  _        =
  
      
−
  
  
 5-2 
The resulting micro-plastic unloading strains for each point of unloading are given in 
Table 5-2. 
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Table 5-2 – True stress and chord modulus at the chosen pre-strain levels, and the 
resulting linear and non-linear unloading strains.  
Pre-strain level 1 % 2 % 3 % 4 % 
True Stress [MPa] (from Section 4.3.2) 610 752 821 865 
Chord modulus [GPa] (from Section 
4.5.1) 
172.3 163.4 161.5 161.1 
  _       (calculated with Eq. 5-1) 0.35 % 0.46 % 0.51 % 0.54 % 
  _         (calculated with Eq. 5-2) 0.07 % 0.11 % 0.13 % 0.14 % 
5.5 DIC 
It is later shown (in Section 5.6.1) that the in-situ ECCI is best performed on a single 
ferrite grain of medium to small size. The same grain has been chosen for DIC analysis 
to enable the comparison of the strains estimated and mechanism observed with ECCI 
and DIC. It has to be noted that one ferrite grain is not necessarily a good representa-
tion of the ferrite phase. If the mechanism of strain partitioning within ferrite grains as 
well as between the phases is present, then the single grain may over- or under-repre-
sent the average strain in the ferrite phase. The investigation of a single ferrite grain 
is, however, sufficient to prove or disprove the presence of strain partitioning within 
the grain. The comparison with the unloading strain determined in Section 5.4 will 
enable identifying strain partitioning between grains.  
Figure 5-7 shows the strain development in the tensile direction for the investigated 
ferrite grain, calculated for each facet and projected onto the micrograph as explained 
in Section 3.2.9. The strain in the ferrite grain accumulated during forward defor-
mation by straining the bulk material to 1 % of tensile strain, is shown in Figure 5-7 a) 
and the strain after elastic recovery is given in Figure 5-7 b) (The micrograph of the 
undeformed grain is shown in Figure 5-9 a). During the initial deformation the grain 
experiences inhomogeneous tensile strain, i.e., there is strain partitioning. This is 
shown by areas of different colour in Figure 5-7 a) indicating areas of 1 to 3 % of 
strain. To analyse the overall strain of the entire ferrite grain, the strain of all facets 
was exported from the DIC software and averaged. The ferrite grain experiences an 
average tensile strain of 1.98 % when the bulk material is strained to 1 % tensile strain, 
i.e., shows almost twice the deformation that would be expected in the bulk material. 
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a) 
 
b) 
 
Figure 5-7 – Strain distribution in a ferrite grain of DP steel; a) accumulated strain 
during forward straining to 1 % pre-strain, b) accumulated strain during unloading 
from 1 % pre-strain. 
Strain partitioning also occurs during unloading. Compressive strains (displayed as 
negative strain in (Figure 5-7 b)) of up to 2 % can be observed in some areas of the 
grain, while other areas only display near zero levels of strain or a slight tensile defor-
mation.  
This in-grain strain-partitioning during unloading experimentally confirms previous 
studies which suggested that during unloading there is higher deformation in the softer 
grains or grains of a particular shape and position in the microstructure which forces 
inhomogeneous deformation into the ferrite grains [8, 15, 123]. Zhonghua and 
Haicheng expected the highest unloading strain in the ferrite in the vicinity of the hard 
martensite grain boundary [123]. The present study, however, shows areas of high 
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compressive strains in the grain centre. During SEM imaging, only the part of the 
grain, which is near the surface, can be observed and the grain shape is indicated only 
in two dimensions. The strain partitioning observed may, therefore, be related to ef-
fects that happen in the 3rd dimension (thickness) which are not covered here. The high 
compressive strains observed in the grain centre could be due to a low grain thickness 
and the contact with a martensite grain laying underneath. The martensite grain could 
then, through stress relaxation during unloading, have forced strain upon the ferrite 
grain which may explain the compressive deformation observed in the grain centre. 
To analyse the overall strain of the entire ferrite grain, the strain of all facets was ex-
ported and averaged. During unloading the average compressive strain in the ferrite 
grain has been calculated to be 0.79 %. The strain of the investigated ferrite grain dur-
ing unloading is over twice what would be expected for the bulk material of 0.37 % 
(Table 5-2) when unloading from 1 % tensile strain. This suggests, that the investigated 
grain experiences higher than average deformation during unloading. The mechanisms 
investigated using the micrographs taken of this ferrite grain (the strain partitioning in 
this section and the dislocation movement in Section 5.6) may, therefore, over-repre-
sent the magnitude of these mechanisms found in the bulk material. 
 Concluding remarks on strain partitioning during unloading analysed 
using DIC 
Strain partitioning in ferrite during unloading, which has previously been associated 
with the generation of plastic unloading strain was experimentally observed here. It is, 
therefore, likely that strain partitioning during unloading is causing the reduction in 
the apparent Young’s modulus. However, in Section 5.2 it has been shown that even 
fully ferritic microstructures experience a reduction in the apparent Young’s modulus 
which cannot be due to strain partitioning. The strain partitioning observed for the M2a 
DP material may therefore not solely be responsible for the reduction of the apparent 
Young’s modulus observed in Chapter 4. In a next step, dislocation motion is investi-
gated. For this ECCI were performed during in-situ loading-unloading experiments 
and the dislocation structure imaged before deformation, before unloading and after 
unloading. This will clarify if and to what extend dislocations move during unloading.  
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5.6 Dislocation Analyses 
As mentioned above a second mechanism commonly associated with the effect of in-
elastic unloading is dislocation movement, in the form of repulsion and bowing of 
dislocations. To study this mechanism, ECCI analysis was performed during in-situ 
unloading to analyse the dislocation movement of surface and near surface disloca-
tions. 
 Dislocation study of the as-produced material 
The quality of images produced with the BSE-detector depends on the quality of the 
chamber vacuum and the non-existence of any contaminations. Inserting a tensile stage 
into the SEM chamber will, therefore, decrease the quality of the results. In addition, 
using an additional setup (for example an in-situ tensile stage) for SEM investigations 
complicates imaging and makes it time-consuming. Preliminary ECCI images were 
therefore taken with a simple setup using a sample mounted in Struers’ PolyFast, to 
investigate if dislocation analysis is generally possible for the present microstructure 
and to identify the best-operating conditions (beam current, working distance and grain 
size).  
Figure 5-8 shows the dislocation structure of a relatively large ferrite grain, with an 
exposed surface of 171 µm2 (Figure 5-8 a)), and a relatively small ferrite grain, with 
the surface size of 19 µm2 (Figure 5-8 b)). The images have been obtained with the 
conditions that produced the clearest dislocation image; those were a 20 kV beam cur-
rent combined with a 5 mm working distance. The micrographs show the ferrite grains 
in dark grey – black surrounded by martensite grains (bright grey – white). In Figure 
5-8 a) it can be seen that the investigated grain is darker than the neighbouring ferrite 
grains. A darker ferrite grain represents fewer backscattered electrons (Figure 5-5) and 
this allows for a clearer investigation of dislocations. In general, any given grain can 
be positioned to give perfect ECCI conditions (showing the ferrite grain as black) by 
tilting the sample stage, which results in a change of the angle between the grain lattice 
and the electron beam [78]. However, this option was not available for the current 
study as it was not possible to tilt the sample stage after the in-situ tensile test tool was 
inserted. In ECCI dislocations parallel to the exposed surface appear as white lines and 
dislocations orientated perpendicular to the surface as white dots. Subsurface disloca-
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tions are generally displayed as grey lines which are less bright than the surface dislo-
cations. In contrast, those dislocations that are orientated with an angle towards the 
surface are bright near the surface and become darker as they disappear into the grain. 
a) 
 
b) 
 
Figure 5-8 – Dislocation structure displaying in-surface dislocation (white lines) and 
dislocation perpendicular to the surface (white dots), after material production in, 
a) big ferrite grain (171 µm2), b) small ferrite grain (19 µm2). 
Both ferrite grains show the highest dislocation density close to the white martensite 
grains. Dislocations become less frequent further away from the grain boundary and 
towards the centre of the ferrite grains. The increased dislocation density near the grain 
boundary is a result of the austenite-martensite transformation during water quenching. 
As the martensite unit cell is slightly bigger (around 3 %) than the austenite unit cell 
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the resulting increase in volume during the transformation forces deformation into the 
ferrite at the ferrite-martensite interface (see Section 2.2.5). 
Overall the dislocation structure in both the small and the large ferrite grains is visible, 
suggesting that dislocation analysis is possible during in-situ testing. The image qual-
ity, however, is expected to decrease, once the tensile stage is inserted. A grain which 
appears particularly dark under the BSE detector has to be chosen for the dislocation 
study to maximise the visibility of the dislocations as it will not be possible to tilt the 
in-situ stage i.e. change the angle between the grain lattice and the electron beam.  
In addition, high magnification is required to enable dislocation analysis. As can be 
seen in Figure 5-8 a), only after an increase in magnification the dislocation became 
visible. A small ferrite grain around 20 µm2 (as the grain displayed in Figure 5-8 b)) 
therefore needs to be chosen to make dislocation analysis of the entire grain in a single 
micrograph possible. A large grain would require moving the tensile stage during im-
aging to allow analysing the dislocation distribution of all dislocations within the full 
grain; this is not practicable. 
 In-situ dislocation study during loading-unloading tests 
Since the sample gauge area is large, a grain of interest was selected and tracked during 
the loading-unloading cycles. The pre-selected grain was a ferrite grain since the de-
formation in DP steel mainly occurs in the soft ferrite phase [90, 93] and showed a 
high angular contrast (which appears as very dark in an ECCI image). The micrographs 
were taken using the best imaging conditions identified in 5.6.1 which were a 20kV 
beam current and a working distance of 5 mm, at the holding positions illustrated in 
Figure 5-4. 
The dislocation structures of the ferrite grain that were chosen for in-situ investigation 
are shown in Figure 5-9 for the undeformed (Figure 5-9 a)) condition, at 1 % pre-strain 
(Figure 5-9 b)) and after unloading from 1 % pre-strain (Figure 5-9 c)). As the number 
of dislocations that are visible is a result of the grain orientation and the angle between 
the laths and the electron beam (Section 3.2.2), the real number of near surface dislo-
cations is most likely higher than can be observed in Figure 5-9. 
Different types of dislocation behaviour during loading and unloading can be observed 
and some individual ones that represent the different types are marked in Figure 5-9. 
(Enlarged versions of the micrographs shown in Figure 5-9 are given in Appendix B). 
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The different types of dislocation behaviour were identified by tracking individual dis-
locations through the pictures series (from undeformed, to loaded and then to un-
loaded) and monitor their movement, appearance and disappearance where applicable. 
Four types of dislocation behaviour were observed: 
1) Dislocations that are immobile during loading and unloading (marked with a green 
circle). These dislocations stay in place during the entire loading-unloading cycle 
and must be either pinned down or entangled in cells. A second possibility is that 
the external force was simply not sufficient to activate their movement. 
2) Dislocations that are mobile during loading and unloading (marked with a red cir-
cle). These dislocations move or change shape during loading and then move 
again during unloading. This also includes dislocations which were not visible 
after material production but appear during straining (either through dislocation 
generation or dislocation movement into the observable surface layer) and move 
(or disappear) during unloading. This type of dislocation movement has been 
associated in previous studies with the generation of additional unloading strain 
and inelastic unloading [5, 25, 26]. 
3) Dislocations that are mobile during loading but do not move during unloading 
(marked with a blue circle). Similar to type 2 these dislocations are active during 
deformation but either are pinned down or entangled with other dislocations mak-
ing them immobile during unloading. In addition, the stress relaxation during un-
loading may simply not have been sufficient for activation so that they remain 
immobile during unloading. 
4) Dislocations that move during loading and bow out during unloading (marked 
with a purple circle). Dislocations that bow during unloading are pinned in posi-
tion and the stress offset during unloading is not sufficient to reactivate them. The 
dislocations bow out and generate a very small amount of strain due to the change 
in external force. 
 
Movement of dislocations that were immobile during loading was not observed during 
unloading. This suggests that for the specific case investigated the stress relaxation 
during unloading was not sufficient to activate dislocations which were already 
immobile after material production. 
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a) Undeformed  
b) Held at 1 % c) Unloaded at 1 % 
Figure 5-9 – Dislocation structure in a ferrite grain of the, a) undeformed material, 
b) one percent strained and held, c) one percent strained and unloaded. 
An estimate can be made of how much strain is generated, as a result of the observed 
dislocation movement, using the following observations and assumptions:  
 The surface area of the ferrite grain is 17.25     
 The number of type 2 dislocations has been estimated to be 200 (by counting the 
type 2 dislocations in one-quarter of the grain and multiplying the count by 4) and 
the density of movable dislocations throughout the grain is assumed to be the same 
as on the surface. 
Chapter 5  139 
 
 The distance that each dislocation moves ( ̅) is taken approximately as 100 nm. 
This is just a rough estimate obtained from tracking and averaging the distance 
moved of type 2 dislocations between Figure 5-9 b) and Figure 5-9 c). Only the 
movement of a few type 2 dislocations (12) could be tracked as most mobile dis-
locations disappear during unloading. Some dislocation may also move too far or 
significantly change their shape so they cannot be identified in both pictures (be-
fore and after unloading). 
 
The density of moving dislocations ( ) can then be calculated with following equation: 
 
  =
                             
                  
=  
200
17.25    
 5-3 
The strain ( ) generated by the moving dislocations can be estimated with the Orowan 
equation 
 
  =    ∙   ∙  ̅ 5-4 
Where   is the Burgers vector. In body centred cubic (BCC) phases such as ferrite, 
cross slip is easy and it is possible for screw dislocations to move on different {110} 
planes or combinations of {110 } and { 112} planes, depending on the applied external 
stress [74]. This slip occurs in the < 111 > directions and the Burgers vector can be 
calculated to be: 
 
| | =  
 
2
< 111 > =  
√3 
2
 5-5 
The lattice parameter   is 2.856 Å in BCC material, and the resulting Burgers vector 
is 
 
| |  =  
√3 ∗ 2.856 Å
2
=  2.47 Å 5-6 
By inserting Eq. 5-3 and Eq. 5-6 into Eq. 5-4, the amount of strain generated by the 
dislocation movement during unloading at 1 % pre-strain can be estimated as follows  
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  =  
200
17.25    
∗ 0.000247    ∗ 0.1    5-7 
which gives   =  0.0286 %.  
The micro-plastic unloading strain   _         (as shown in Figure 5-6), when unloading 
at 1 % of tensile strain is 0.07 % (Table 5-2). The estimated strain generated by the 
dislocation movement is, therefore, less than half the amount of the total micro-plastic 
strain measured for the bulk material when unloading after 1 % of tensile strain. 
 Concluding remark on the dislocation analysis 
As-produced microstructure 
The best condition for dislocation analyses was identified to be at a beam voltage of 
20 kV and a working distance of 5 mm. It was shown that a small grain size, with a 
surface area of around 20 μm  allows for dislocation investigation of an entire grain 
in a single micrograph and a similar grain size was therefore chosen for the in-situ 
tests. 
ECCI for in-situ loading-unloading tests 
It was observed that dislocations appeared during straining and then disappeared dur-
ing unloading; these were called type 2 dislocations. The disappearance of dislocations 
during unloading could indicate annihilation of dislocations, a repelling movement 
from the surface layer or a turning back of dislocations into invisibility. Some dislo-
cations also bowed back (away from the grain boundary) during unloading and those 
were called type 4 dislocations. The repelling movement of type 2 dislocations and the 
bowing motion of type 4 dislocations has been associated in previous studies with the 
generation of additional unloading strain and inelastic unloading [5, 25, 26]. The ex-
perimental results of this study, therefore, confirm the assumption that dislocation mo-
tion during unloading generates micro-plastic strain and through that reduces the ap-
parent Young’s modulus. 
The amount of micro-plastic strain as a result of this dislocation movement during 
unloading was estimated to be 0.0286 % which is less than half the micro-plastic strain 
of the bulk material of 0.07 %. This was despite the grain investigated being a grain of 
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higher than average deformation (Section 5.5). This suggests that the effect of dislo-
cation repulsion and bowing during unloading is too small to account for the entire 
additional unloading strain that was measured.  
Luo and Ghosh [25] suggested that the number of mobile dislocations during reverse 
deformation may increase through the disintegration of dislocation cells and through 
this extend the effect of inelastic unloading. In contrast this study showed that dislo-
cations which were already blocked from the movement after material production and 
stayed in place during forward straining did not move during unloading. 
5.7 Discussion 
Previous studies related two mechanisms with the additional unloading strain, dislo-
cation movement [5, 20-27, 124] and stress-strain partitioning [18, 19], which is 
caused by residual stress generation during the deformation of heterogeneous micro-
structures. Loading-unloading tests, performed in Section 5.2, on a fully ferritic steel 
revealed that a reduction in the apparent Young’s modulus also occurs for single phase 
microstructures where strain partitioning is unlikely. Strain partitioning, therefore, 
cannot be the only mechanism that causes inelastic unloading which suggests that dis-
location motion during unloading must also be present. 
To verify this theory, in-situ loading-unloading experiments were conducted in a SEM 
microscope using dogbone shaped samples of Material 2a. The combination of DIC 
and ECCI analysis experimentally proved strain partitioning as well as dislocation mo-
tion during unloading. The strain estimated by the dislocation movement observed 
using ECCI (Section 5.6) compared with the calculated inelastic strain of the material 
during unloading (Section 5.4) showed that the dislocation motion cannot account for 
the entire plastic unloading strain, even though the DIC analysis revealed that the 
observed ferrite grain is a grain of higher than average deformation. The contribution 
of the strain partitioning observed using DIC, on the plastic unloading strain has to be 
determined. For this complementary micro-scale FE analysis is performed to simulate 
the strain partitioning during unloading for the bulk microstructure.  
 FEA micro-scale deformation model 
To investigate the impact of the observed strain partitioning during unloading, the ex-
perimental investigations were complemented by microstructure based numerical 
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analysis performed in collaboration with the AGH University of Science and Technol-
ogy, Poland. Numerical investigations included both macro- and micro-scale analysis 
of the in-situ loading-unloading test outlined in Section 5.3.  
The macro-scale approach is based on the classic J2 plasticity theory [163] using the 
flow stress curve shown in from Figure 3-4 b). The sample geometry was set to the 
geometry of the in-situ tensile sample, shown in Figure 3-5 a). The boundary condi-
tions (BC) were set to match the experimental setup of the in-situ tensile testing, out-
lined in Section 3.2.2, where one side of the sample was constrained while a displace-
ment BC was applied to the second side (Figure 5-10).  
 
Figure 5-10 – Boundary conditions of the macro-scale tensile test setup used to repli-
cate the in-situ deformation conditions.  
Displacement was determined for each unloading stage to correlate with 1 %, 2 %, 
3 % and 4 % tensile strain. For this, two points were selected symmetrically with 
respect to the centre of the sample and the tensile strain was calculated based on their 
extension. The determined extensions for the respective tensile strains were then used 
as boundary conditions for a micro-scale model that applied the digital material repre-
sentation (DMR) concept [164]. The DMR is used to create a digital microstructure 
with its features (e.g., grains and grain boundaries). The created digital representation 
can then be used in numerical simulations of forming processes. A more precise DMR 
leads to a more realistic behaviour of the represented material [165]. 
In this study, the DMR micro-scale model is used to simulate local material behaviour 
taking into account the shape and distribution of the two phases in the DP material. 
For this, a SEM image of Material 2a was transformed into a binary image displaying 
martensite in black and ferrite in white, as shown in Figure 5-11 a). The image was 
then imported into the finite element mesh generation software, as outlined in [164]. 
A special mesh generator [166] that enables mesh refinement within the phase bound-
ary area was used to ensure high model accuracy Figure 5-11 b).  
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a) 
 
b) 
 
Figure 5-11 – Development of the micro-scale FE model; a) micrograph as a binary 
image, b) generated mesh including close up of the achieved mesh refinement. 
The material properties related to the hardening behaviour of the two phases were 
obtained using the nano-indentation imprints for ferrite (Figure 5-12 a)) and martensite 
(Figure 5-12 b)) obtained for Material 2a in Section 4.3.1. Here, the force-displacement 
response of the selected imprints was used in combination with inverse analysis [167] 
to identify the true stress-strain curves of the two phases. The inverse analysis ap-
proach consists of three stages and is explained in detail in Szeliga and Pietrzyk’s work 
[167]. A short summary of the three-step approach is given below: 
1) Experimental nano-indentation tests are performed for the ferrite and the mar-
tensite phases and the force displacement response determined. 
2) Development of a numerical model that replicates the experimental setup of 
the nano-indentation tests for each phase separately. 
3) Minimisation of the goal function with respect to the force-displacement 
curves. The objective function was defined as a square root difference between 
the measured and numerically calculated loads. An iteration loop was per-
formed, minimising the discrepancies between experimental and numerical re-
sults. 
The resulting stress-strain responses of both phases are shown in Figure 5-12 c). 
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a) 
 
b) 
 
c) 
 
 
Figure 5-12 – Numerical fit of nano-indentation curves for a) ferrite, b) martensite; c) 
the resulting hardening behaviour of the two phases generated by inverse routine of 
the nano-indentation model. 
The developed micro-scale model was then used to simulate the loading and unloading 
of the sample, with the boundary conditions shown in Figure 5-13. To eliminate the 
influence of unconstrained material flow at the edges on local heterogeneous 
behaviour within the ferrite and the martensite, only the central part of the model was 
considered for analysis. 
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Figure 5-13 – Boundary conditions of the micro-scale model and the selected area of 
interest for further analysis with respect to the entire micro-scale model.  
Results of the micro-scale model 
The reverse yielding in ferrite is suggested to be a result of stress partitioning during 
unloading [8, 123]. To analyse the phase stresses, the simulated stresses in the tensile 
direction when unloading after 1 % of pre-strain are displayed in Figure 5-14. For the 
ferrite phase compressive stresses are given in colour in Figure 5-14 a) while the tensile 
stresses are displayed in colour in Figure 5-14 a. For the martensite phase, compressive 
stresses are given in colour in Figure 5-14 c) while tensile stresses are coloured in 
Figure 5-14 d). 
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a) Compressive stress in the ferrite after 
unloading  
 
b) Tensile stress in ferrite after unload-
ing  
 
c) Compressive stress in the martensite 
after unloading  
 
d) Tensile stress in the martensite after 
unloading 
 
Figure 5-14 – Phase stresses in tensile direction after unloading from 1 % of pre-strain; 
a) Stress in ferrite - compressive stresses in colour, b) Stress in ferrite - tensile stresses 
in colour, c) Stress in martensite - compressive stresses in colour, d) Stress in marten-
site - tensile stresses in colour. 
While most of the martensite is under tensile stress after unloading, most of the ferrite 
is compressed. This can be explained by taking into account the stress in the different 
phases before unloading. When the DP steel sample unloads, the stress in the bulk 
material drops from the flow stress to zero. Here, the unloading strain of the DP sample 
is the average unloading strain of the heterogeneous bulk material. As illustrated in 
Figure 5-15, when the overall stress of the bulk material is unloaded to zero, the mar-
tensite phase is still not fully unloaded and the ferrite phase is compressed past the 
point of zero stress.  
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Figure 5-15 – Illustration of heterogeneous phase stresses during unloading of DP 
steel. 
In Figure 5-14 a) it is shown that the amount of compressive stress varies between 
ferrite grains as well as within single ferrite grains. Higher compressive stresses can 
facilitate the reverse yielding in these regions during unloading and increase the un-
loading strain.  
In Section 5.5 it was shown that strain partitioning occurs for a single ferrite grain as 
well as between grains. To determine if the simulated compressive stresses in the 
ferrite phase could lead to reverse yielding in ferrite and increased unloading strain, as 
suggested by Zhongua and Haicheng [8, 123], the simulated plastic strain before and 
after unloading is compared in Figure 5-16. As the reverse yielding is supposed to 
occur in the ferrite phase [8, 123], the non-linear unloading investigations were limited 
to the ferrite phase. For this the change in plastic strain in the ferrite is determined 
when unloading from 1% pre-strain (Figure 5-16 a)) and 4 % pre-strain (Figure 
5-16 b)). The images show the plastic unloading strain determined for each node of 
the mesh. The results show that some areas deform plastically during unloading but 
there are only a few areas with very small levels of plastic strain (up to 0.18 %) when 
unloading from 1 % pre-strain. Increasing the pre-strain to 4 % significantly enhances 
the number of nodes which are plastically deformed during unloading as well as the 
level of strain which can reach values up to 0.8 %. 
The plastic unloading strain in the ferrite (which is supposed to represent the plastic 
portion of the unloading strain   _         as mentioned in Section 5.4) was determined 
as the average unloading strain of all nodes in Figure 5-16 to be 0.0004 % and 
0.0131 % when unloading from 1 % and 4 % pre-strain respectively. This is 
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significantly lower compared with the expected plastic portion of the unloading strain 
of 0.07 % and 0.14 % respectively, calculated in Section 5.4.  
This shows, that even though the micro-scale model predicts inelastic unloading as a 
result of stress-strain partitioning, the strain generated is too low by the measure of 
magnitudes to account for the total amount of micro-plastic strain measured experi-
mentally and given in Table 5-2). In addition, the generation of plastic unloading strain 
simulated occurs at pre-strain levels higher than 1 %, whereas the result of Chapter 4 
show that the majority of the reduction in the apparent Young’s modulus occurs be-
tween 0 % and 1 % of tensile pre-strain. The results, therefore, suggest that the FE 
analysis underestimates the reverse yielding in ferrite during unloading. 
a) 
 
b) 
 
Figure 5-16 – Simulated plastic equivalent unloading strain for each node in the ferrite 
phase for unloading at a) 1 % of pre-strain, b) 4 % of pre-strain. 
The underestimation of the plastic unloading strain could be the result of an inadequate 
representation of the ferrite yield stress. The ferrite yield stress of the current study 
was calculated to be 500 MPa which is situated at the higher end of yield strengths 
reported in the literature (from 200 to 500 MPa) for ferrite in DP steel [151, 168, 169]. 
As outlined above, the ferrite and martensite stress-strain responses were determined 
using the nano-indentation results from Chapter 4. There are, however, measurement 
errors accompanying nano-indentation which could lead to a misinterpretation of the 
phase hardness.  
 The dislocation structure of the as-produced material can have an effect on the 
nano-hardness measured. As outlined in Section 2.2.5 the martensite transfor-
mation introduces mobile dislocations into the ferrite phase [84]. Previous studies 
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have shown that an elevated dislocation density results in a higher hardness meas-
urement [170, 171]. 
 Another effect which can produce misleading results is the grain boundary effects 
of indentations performed too close to a grain boundary [151, 152]. To minimise 
this effect, indents for evaluation were selected which are not in proximity of a 
grain boundary at the surface layer, as outlined in Section 4.3.1. Nevertheless, the 
grain was not analysed in the third dimension and the grain depth may, therefore, 
be lower or close to the indentation depth (between 100 nm and 200 nm in the 
present study) which would result in an increase of the measured or the apparent 
nano-hardness.  
The nano-indentation results of this work therefore may be over-representing the phase 
hardness of the ferrite phase due to grain boundary and dislocation effects, which leads 
to an increased stress-strain response and an overestimation of the yield strength pre-
dicted.  
Figure 5-17 a) shows the flow curves for the ferrite and the martensite phase predicted 
using the inverse routine and the respective nano-hardness results. Figure 5-17 b) 
illustrates the von Mises stress in the ferrite after unloading from 1% of tensile strain 
and shows that many areas in ferrite grains experience stresses between 300 to 
400 MPa after unloading. Only very few areas show stresses above the yield stress of 
500 MPa. An overestimation of the ferrite yield stress by 25 % would result in an 
actual yield stress of 375 MPa. This would significantly increase the areas in ferrite 
that exceed the yield stress, i.e., would lead to a higher level of plastic deformation. 
An overestimation of the ferrite yield stress could, therefore, be the cause of a too small 
plastic strain predicted during unloading. 
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a) 
 
b) 
 
Figure 5-17 – Determination of areas in the ferrite phase in yield after unloading from 
1 % tensile strain; a) estimated flow curves generated using an inverse routine with 
experimental nano-indentation results, indicating the ferrite yield stress, b) the von 
Mises stress in the ferrite after unloading from 1 % tensile strain. 
Comparison of the simulated and measured unloading strains 
To investigate the origin of the additional plastic strain during unloading, the unload-
ing strains calculated, measured and predicted in this study when unloading from 1 % 
tensile pre-strain are summarised in Table 5-3. 
Table 5-3 – Elastic, plastic and total unloading strains determined by various tech-
niques for 1 % of pre-strain. 
 
Plastic unloading 
strain   _        
Elastic unload-
ing strain 
  _       
Total unloading 
strain   _      
Calculated for the bulk material 
(Section 5.2) 
0.07 % 0.28 % 0.35 % 
DIC (one ferrite grain) - - 0.79 % 
Dislocation motion (one ferrite 
grain) 
0.0286 % - - 
FEA (average of entire ferrite 
phase) 
0.0004 % - - 
The simulated unloading strain of the ferrite phase when unloading from 1 % tensile 
pre-strain is 0.0004 %. The plastic strain of one ferrite grain, generated as a result of 
dislocation motion when unloading from 1 % pre-strain was estimated to be 0.0286 %.  
A combination of the strain generated by both mechanisms (0.029 %) shows that one 
or both mechanisms are most likely underestimated given that combining both effects 
does not account for the plastic unloading strain of 0.07 % measured during the 
loading-unloading experiments in Section 5.2.  
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As mentioned above one reason for the underestimation of the plastic unloading strain 
in the microstructure model may be a too low prediction of reverse yielding in the 
ferrite due to an overestimation of the ferrite yield stress (Figure 5-17). Another reason 
may be an underestimation of the strain caused by dislocation movement in Section 
5.6.2 (number of dislocation repelling or average distance a dislocation repels). It is, 
however, unlikely that the strain generated by dislocation movement was 
underestimated as it was estimated for a ferrite grain which showed higher than 
average unloading strain (0.79 % in the ferrite grain vs. 0.35 % unloading strain in the 
bulk material). 
It, therefore, can be assumed that the strain generated by dislocation motion estimated 
for the single ferrite grain in Section 5.6.2 (0.0286 %) represents the maximum amount 
of plastic unloading strain in the bulk material caused by dislocations. The remainder 
of the plastic unloading strain of about 0.04 % (0.07 % - 0.0286 %) must be generated 
through other mechanisms such as residual stresses. This is the majority of the unload-
ing strain which suggests that for the investigated material (M2a with 35 % of marten-
site volume fraction) residual stresses probably due to strain partitioning effects may 
have been the dominant mechanism for the reduction in the apparent Young’s 
modulus.  
Nevertheless, in Section 5.2 it was also shown that a single phase ferritic steel 
experiences a considerable amount of reduction in the apparent Young’s modulus. This 
was close to values observed for DP grades with high volume fractions of ferrite phase 
such as the M1 and the M1.5 in Section 4.5.1. The plastic unloading strain for this 
material is purely an effect of dislocation motion as there cannot be any residual 
stresses in the material. This suggests that the level of contribution of each of the two 
mechanisms to the reduction in the apparent Young’s modulus depends on the 
microstructure. For DP steels with a low amount of martensite and large ferrite grains 
(like Material 1 and 1.5), the plastic unloading strain generated by dislocation 
movement may, therefore, be larger than that generated through residual stresses, i.e., 
strain partitioning.  
 Results summary 
For the first time, in-situ loading-unloading experiments have been conducted on a 
ferritic-martensitic DP steel in combination with ECCI. Complementary microstruc-
ture FE simulations were carried out to interpret the observations. 
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The DIC investigations prove that strain partitioning during unloading is present and 
can be associated with additional strain generated during inelastic unloading [8, 15, 
123].  
Nevertheless, the presence of non-linear unloading for a single phase ferritic steel 
(Section 5.2) suggests that the mechanism of stress-strain partitioning cannot solely be 
responsible for the amount of micro-plastic unloading strain observed in tension re-
lease tests performed on the DP bulk material. 
ECCI dislocation investigations during unloading of an in-situ tensile test sample in-
dicated that dislocations appear or move during straining and then disappear or move 
back during unloading. In addition, some dislocations bowed out during unloading. 
These observations experimentally prove the mechanism of dislocation pile-up and 
repulsion, which previously has been associated with the generation of micro-plastic 
strain [5, 22, 25, 26]. Our results suggest that the mechanism of dislocation repulsion 
and bowing during unloading contributes to the effect of inelastic unloading but is too 
small to account for the full level of micro-plastic unloading strain observed in the DP 
bulk material. In addition to dislocation movement strain partitioning through residual 
stresses must, therefore, have been present to generate the level of inelastic unloading 
observed. 
The results generated through a numerical microstructure model showed that the plas-
tic unloading strain predicted is too low by an order of magnitude and a combination 
of both effects, dislocation motion and simulated strain partitioning, could not account 
for the plastic unloading strain observed for the bulk material. Since the dislocation 
investigation was carried out in a grain of higher than average deformation (as revealed 
by the DIC), it is most likely that it is the simulated mechanisms of strain partitioning 
which are underrepresented in the present results. This is most likely due to an over-
representation of the ferrite yield strength. The unaccounted plastic unloading strain 
may therefore be the result of strain partitioning due residual stress.  
A comparison of the contributions of both effects suggests that residual phase stresses 
are the larger contributor for the non-linear unloading observed for the particular DP 
microstructure analysed here. 
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 Material behaviour during reverse deformation 
In Chapter 4 it has been shown that the apparent Young’s modulus decreases with pre-
strain and currently it is common to include the reduction in the apparent Young’s 
modulus in the numerical analysis of sheet forming operations.  
In some stamping operations, metal sheet follows a complex strain-path and is bent 
and reverse bent [17]. Recent studies modelled stamping processes that included 
springback after strain reversal [1, 129, 134, 135] and found that the unloading modu-
lus (apparent Young’s modulus) is more important than the Bauschinger effect, tran-
sient behaviour or permanent softening to achieve accurate springback prediction. In 
those studies, the unloading modulus used was obtained by standard loading-unloading 
experiments in forward straining. So far it has not been investigated whether this as-
sumption is correct, i.e. if it is valid to use the apparent Young’s modulus evolution 
obtained in uni-axial tensile tests to numerically predict springback behaviour in form-
ing where the strain-path changes from tension to compression followed by unloading. 
A misinterpretation of the apparent Young’s modulus will lead to model inaccuracy. 
To investigate the change in the apparent Young’s modulus after strain-path reversal, 
a special test setup is necessary that enables controlled tension-compression (TC) tests 
to be performed and combined with detailed analysis of forming strain.  
Only Yoshida et al. [17] performed Young’s modulus measurements after strain re-
versal. In this study the authors compressed one mild steel sample and two DP590 
samples to 0 % strain after pre-straining the material in tension to 1.9 %, 1.7 % and 
9.7 % respectively. The study suggested that the elastic response between simple ten-
sile pre-strain and after strain reversal is the same for the same overall levels of accu-
mulated strain and independent of the direction of the strain applied. I.e., if the accu-
mulated level of pre-strain was achieved by simple forward straining in tension or 
through a combination of forward and reverse straining in tension followed by 
compression did not influence the level of the reduction of the apparent Young’s mod-
ulus. Yoshida et al. concluded that the change in the apparent Young’s modulus is a 
simple function of accumulated plastic strain and not dependant on the direction of 
strain or the strain history. In Yoshida’s study only two DP steel samples were tested 
and strain levels were limited to 2 % of forward pre-strain. In addition, only one strain 
level was investigated after strain reversal (compression to 0 % of strain). This does 
Chapter 6  154 
 
not allow the identification of any trends or to determine a possible apparent Young’s 
modulus saturation. The effect of strain reversals on the level of the apparent Young’s 
modulus and through that on springback in complex sheet forming operations is there-
fore still not fully understood and requires further investigation. 
In this chapter, a new TC test setup is developed to study the elastic unloading be-
haviour in compression, with and without prior deformation in uniaxial tension. 
For this test setups from previous studies have been analysed and their benefits and 
limitations regarding compressive stress-strain measurement of metal sheet identified. 
The most applicable setup was chosen and further improved to enable the accurate 
measurement of the apparent Young’s modulus after strain-path reversals from tension 
to compression. The friction coefficients in tension and compression are determined 
to calibrate the test setup. Loading-unloading tests in compression are performed sub-
sequently to various pre-strain steps in tension. The effect of pre-strain in tension on 
the apparent Young’s modulus in compression is experimentally studied and compared 
with the literature and the set of results generated in Chapter 4 determined for material 
grade M2a in tension for the change in the apparent Young’s modulus with pre-strain.  
6.1 The state of the art of tension-compression testing 
There have many attempts over the recent years to design a TC test for metal sheets 
[17, 172, 173]. The biggest issue when compressing a metal sheet is buckling. There 
are three types of buckling which can occur when compressing a sheet sample: L-
buckling in the unsupported area of the sample, T-buckling (buckling in the thickness 
direction) and W-buckling (buckling in width direction) in the gauge area. The differ-
ent types of buckling are illustrated in Figure 6-1. If all buckling mechanisms can be 
suppressed, a sample can be compressed until the maximum uniform strain limit of the 
material is reached.  
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Figure 6-1 – Examples of T-buckling, L-buckling and W-buckling during metal sheet 
compression [172]. 
Yoshida et al. [17] addressed the issue of buckling by laminating several metal sheets 
together to make the whole pack less prone to buckling. When testing a single sample, 
W-buckling and L-buckling can be addressed by an appropriate sample design. While 
a too high thickness to width ratio in the gauge area leads to W-Buckling between the 
clamps, a too low thickness to width ratio can lead to L-Buckling of the unclamped 
area. Boger et al. [172] have shown that a dog-bone shaped specimen is the best ap-
proach to prevent these two types of buckling. Another approach is tailor rolled blanks 
which provide a higher sheet thickness in the unclamped area than in the gauge area. 
To prevent T-buckling both surfaces of the sheet need to be constrained by applying a 
clamping force. A suitable clamping system is, therefore, a key element of every TC 
setup. 
 Clamping system 
Joo et al. [174] and Knoerr et al. [173] developed a setup consisting of spring-loaded 
metal plates connected by bolts to apply the necessary clamping force, as shown in 
Figure 6-2 a) and b). A Teflon sheet is inserted between the metal plates and the sample 
to minimise friction. Tightening the bolts compresses the springs and in turn, increases 
the clamping force which can be estimated using the specific spring rate and the pre-
compression of the spring. Even though the system offers a simple design to prevent 
T-buckling, is has several disadvantages: 
 It is not possible to measure the clamping force; only a rough estimation can be 
made. 
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 The clamping force changes during the test. When the sample thins or thickens 
during the test, the springs expand or further compress. This change in thickness 
results in a change of the compression force applied to the sample. 
 The applied force may not be uniform as it is extremely difficult to pre-compress 
all springs by the same amount. 
 The setup has no additional support and the weight of the setup leads to additional 
stress on the sample.  
Boger et al. [172] applied the compressive force through a set of hardened steel rollers 
using a hydraulic cylinder and a hand pump, as shown in Figure 6-2 c). This setup 
allows for a constant pressure during the deformation process which can be measured 
with a pressure gauge attached to the hand pump. The setup is also mounted onto the 
tensile test frame so that its weight does not affect the specimen. The steel rollers allow 
the clamps to move upwards and downwards with the sample during deformation 
which reduces friction during testing but adds complexity to the setup and uncertainty 
during data evaluation as the rollers can degrade over a large number of test-cycles. 
Chapter 6  157 
 
a) b) 
c) 
 
Figure 6-2 – Sheet clamping system to prevent buckling during compression designed 
by, a) Knoerr et al. [173], b) Joo et al. [174], c) Boger et al. [172]. 
 Strain measurement 
The strain measurement of a clamped sample is challenging. As outlined in Chapter 4, 
the elastic material behaviour can be most accurately recorded with strain gauges. It is 
impossible, however, to attach strain gauges or extensometers in a conventional way 
as the clamps obstruct the sides of the sample. A way to avoid this issue was found by 
Mendiguren et al. [175]. In their setup, a hole was cut into one of the clamping plates 
which allows the attachment of strain gauges on the side of the sample. A sample not 
fully clamped may, however, lead to a non-homogenous stress distribution which can 
lead to shape defects in the sample [172] and an alternative solution to using strain 
gauges may be desirable. Joo et al. [174] and Knoerr et al. [173] used a digital image 
correlation (DIC) system to measure the strain during deformation. The DIC is capable 
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of measuring very small deformation strains on a small surface and is, therefore, ideal 
for this kind of investigation. However, the number of data points which can be 
recorded during one experiment is limited which would require strain measurements 
in TC test to be ‘spread out’ during testing. This makes the DIC not ideal to accurately 
investigate small parts of the stress-strain curve during a long test, which is a necessity 
for Young’s modulus investigations.  
Boger et al. [172] created a small unsupported ledge in the clamping plates to allow 
the attachment of a mechanical extensometer. It was shown that these unsupported 
ledges generated wrinkling and buckling issues during testing. They later changed the 
setup to a non-contact laser extensometer, allowing the clamping plates to cover the 
full side of the sample. They have shown that with the video extensometer information 
about the elastic part of the stress-strain curve can be recorded successfully. 
6.2 Development of new tension-compression setup 
Tension-compression tests are conducted on a standard tensile tester, consisting of at 
least one movable jaw, a load cell and a strain measurement device. As illustrated in 
Section 6.1.2, the device which can measure strain most accurately on a clamped sam-
ple is the video extensometer, as strain gauges cannot be attached. The jaws of the 
tensile tester are rotated by 90 degrees, compared with the conventional tensile test 
setup, to allow strain measurements on the thickness of the sample. The resulting setup 
is shown in Figure 6-3. A suitable specimen size was chosen and a clamping setup 
developed which is outlined below. The setup uses a hydraulic cylinder instead of 
compression springs to apply the clamping pressure which allows maintaining a con-
stant and uniform clamping pressure during the tests, which can be monitored using a 
pressure gauge. The setup was further improved with the addition of a quick opening 
mechanism and interchangeable dies, leading to a design which allows the 
uncomplicated and quick testing of material sheets of various strength and thickness. 
The elimination of hardened steel roller bearings made the developed setup easy to 
manufacture and removes any uncertainties generated by worn out bearings. 
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Figure 6-3 – Tensile tester with rotated jaws for tension-compression testing. 
 TC - Specimen 
Before the clamping system can be developed, the shape of the specimen has to be 
determined. As shown by Boger et al. [172] the dog-bone shape is desirable to prevent 
L – and W – Buckling while, T – buckling will be addressed through the sample clamp-
ing system. The dimensions below are chosen to suit a high strength steel with a sheet 
thickness of about 2 mm. To suit a 30 kN load cell a gauge width of 8 mm was chosen. 
Using the relationship of gauge width to compressive strain before buckling of 
aluminium, magnesium and AKDQ steel, it was found by Boger et al. [172] that this 
gauge width should allow compressive strain levels of at least 5 % for AHSS. The 
clamping area of the sample was chosen to be 80 mm long on each side. This is 
significantly longer than for standard tensile test samples but necessary to allow for 
sufficient clamping between the dies of the TC fixture as well as in between the jaws 
of the tensile tester. The resulting specimen dimension is shown in Figure 6-4. 
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Figure 6-4 – Schematic of the TC specimen. 
 Clamping mechanism 
As outlined in Section 6.1.1, the setup from Boger et al. [172], which uses a hydraulic 
cylinder in combination with a hand pump and pressure gauge, is the superior design 
and has been chosen in this study as a base line. Nevertheless, the aim of the present 
study was not only to construct a TC setup but also to develop an easy to manufacture 
setup that allows the uncomplicated and quick testing of materials different in strength 
and thickness. To achieve this the following modifications were made to the base line 
setup: 
 A quick-opening mechanism, allowing for easy sample changes.  
 Interchangeable dies. The dies have to be the exact width of the test sample to 
ensure full clamping but allow strain measurements on the edge of the sample with 
the video extensometer. Given that not all steel sheets are produced with the same 
thickness, the sample width and the width of the dies need to be adjustable to 
maintain the width to thickness ratio required.  
 Elimination of the hardened steel rollers. Roller bearings make the manufac-
turing process of the setup overly complicated. In addition, the life span of roller 
bearings is limited, and they may wear out under high clamping forces. Wear of 
the roller bearings can also influence the results. 
Interchangeable dies: The width of the die at the gauge area cannot be higher than 
the sample width. This is to maintain a sufficiently high viewing angle on the sample 
required for the strain measurements on the sample side. But the die width should also 
not be smaller than the sample width in the gauge area, as it has been shown that this 
leads to an inhomogeneous stress pattern and potential buckling [172]. The width of 
the die at the gauge area, therefore, depends on the specimen dimensions, which in 
turn are dependent on the strength and the thickness of the material. To allow the 
testing of different materials, the die has to be interchangeable. This was achieved by 
Chapter 6  161 
 
manufacturing the die and the clamping plate as two separate parts (Figure 6-5 a)). 
The die and clamping plate are connected with a screw. A thread was tapped into the 
outside (clamping plate side) of the die. In this way the screw can be fixed through 
the clamping plate directly into the die, which leaves the inner surface (the sample 
contact surface between the die and the sample) of the die smooth without any dam-
age.  
A relief the shape of the die was milled 1 mm deep into the clamping plates to ensure 
a good fit between die and the sample to guarantee that the die is fixed in the correct 
position (Figure 6-5 b)). The relief in the gauge section was made wider (40 mm) than 
necessary for the current specimen shape (8 mm) to allow for later testing of wider 
samples. The die width of the clamping plate side has to be the size of the relief in the 
clamping plate to ensure a tight fit. As outlined above, the sample side of the die 
cannot be wider than the sample gauge area, to allow for strain measurement. To 
satisfy both criteria, a ramp was manufactured on the inner part of the die, as shown 
in Figure 6-5 a).  
The TC specimen is perpendicular to the video extensometer if the setup is perfectly 
aligned. To account for misalignments, the viewing angle of the video extensometer 
needs to be increased. For this, another relief was made on the front side of the clamp-
ing plate; this increased the range of angles over which the specimen side can be seen 
(Figure 6-5 a)). 
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a) 
 
 
b) 
 
Figure 6-5 – Clamping plates and dies of the TC setup; a) illustrating in-cut and con-
nection of the plate and the die, b) Illustration of the side-view of the fully clamped 
sample. 
Quick-opening mechanism: A hydraulic cylinder was chosen to apply the clamping 
force to the specimen, as this allows for a constant pressure during the deformation 
process which can be measured with a pressure gauge attached to a hand pump [172]. 
After a test is finished, the hydraulic pressure is released by opening a valve at the 
pump. The pressure release will retract the cylinder, but won't retract the clamping 
plate. As long as the clamping plate is in place, it is difficult to extract the sample and 
to insert a new undeformed sample. To solve this issue compressive springs were 
added between the clamping plates (Figure 6-6) to ensure that the clamping plate 
retracts together with the cylinder. 
Once the hydraulic pressure is released, the springs will actively push the cylinder head 
back and fully release the sample. The cylinder was mounted on another clamping 
plate using M6 screws. All clamping plates were then connected with 12 mm steel rods 
and the outer clamping plates fixed in place using M12 steel nuts. 
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Figure 6-6 – Full TC sample clamping setup with hydraulic cylinder and quick opening 
mechanism. 
Elimination of the hardened steel rollers:  
If a sample is elongated while clamped in a side clamping fixture, it slides on the sur-
face of the dies. Most tensile testers are designed in a way that only one of the jaws 
moves while the other one is fixed to the machine frame. The sample is therefore only 
elongated in one direction. The clamping fixture of a TC setup is traditionally fixed to 
the machine frame and does not move while the sample expands. This can result in a 
high amount of movement between the sample and side clamp, as shown in Figure 
6-7 a). Such a large amount of movement can result in high friction.  
As the design of the tensile tester cannot be changed, alternatives have to be found to 
minimise the friction during testing. Previous studies, such as those of Boger et al. 
[172] used roller bearings that allowed the die to move upwards when the sample is 
elongated and downwards during compression as shown in Figure 6-7 b). This reduced 
the relative movement between the sample and the die and reduced friction. 
A new setup was designed that allows the die to move with the sample but without the 
requirement of steel rollers (Figure 6-7 c)).  
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a) 
 
b) 
 
c) 
 
 
Figure 6-7 – Schematic of relative movement between the sample and the die for a TC 
setup; a) standard setup, b) Use of steel rollers to reduce relative movement, c) illus-
tration of how moveable clamping plates can reduce the relative movement. 
This was realised by disconnecting the clamping setup from the machine frame. For 
this the clamping setup was attached to 4 springs which suspended it in air as the 
weight of the setup and the pulling force of the springs were kept at a constant equi-
librium (Figure 6-8). The springs are attached to screw hooks which can be used to 
adjust the height of the springs allowing a perfectly levelled setup even though the 
weight of the fixture is not symmetrical. The technical drawings of all manufactured 
parts and of the assembly are given in Appendix C. 
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Figure 6-8 – Full schematic of the developed TC setup – clamping fixture suspended 
in air using springs. 
A hydraulic cylinder RSM100 from Enerpac was used that allows applying a clamping 
pressure of up to 70 Mpa which results in a clamping force of up to 100 kN. The 
cylinder is actuated by an Enerpac single-stroke hand pump P141 connected to the 
cylinder with a high-pressure hydraulic hose HC-7206. An analogue positive pressure 
gauge of the type GF10B from Enerpac is connected to the hand pump. The gauge is 
calibrated for the cylinder used with dual scale reading for pressure and force in bar 
and kN. The clamping force can directly be measured with the gauge without any con-
version required. The tensile tester used is an Instron 100 kN 8801 servo-hydraulic 
fatigue testing system. The manufactured parts and the assembled TC setup are shown 
in Figure 6-9. 
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a) 
 
b) 
 
c) 
 
 
d) 
 
Figure 6-9 – TC setup developed in the present study; a) clamping fixture, b) hand 
pump with pressure gauge – connected to a hydraulic cylinder using a high-pressure 
hose, c) die attached to one clamping plate, d) TC setup assembled in the tensile tester. 
 Friction compensation and biaxial pressure 
Friction is produced between the die and the specimen due to the side force generated 
by the clamping pressure of the hydraulic cylinder extension. The force measured by 
the load cell (  ) is then a combination of the friction force (  ) and the force neces-
sary to deform the material (  ). To obtain the deformation force, the force generated 
by friction has to be subtracted from the force measured using Equation 6-1. 
 
   =    −    6-1 
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The friction force during forming can be expressed by the Coulomb friction law, 
 
   =   ∗    6-2 
where   is the friction coefficient of the surfaces in contact and    the clamping force.  
The force data for a clamped sample is illustrated in Figure 6-10 showing an exagger-
ated friction force for illustration purpose. Plotting force-displacement or force-strain 
data, the friction force can be observed as a vertical line in which the strain does not 
change (Figure 6-10 a)). For test procedures which contain strain reversal there is a 
range of 2*   in which the external load is changing direction while the internal force 
on the sample is constant [172]. The friction force can then be subtracted from the 
measured force for forward deformation and added to that measured in reverse defor-
mation, as illustrated in Figure 6-10 b). The data measured in this range is not used for 
further evaluation as it does not contain any sample deformation (Figure 6-10 c)). The 
engineering stress and true stress can then be calculated using the friction-corrected 
force data, as described in Section 3.2.4.  
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a) 
 
b) 
 
c) 
 
Figure 6-10 – Illustration of friction correction; a) uncorrected force-strain curve, b) 
force-strain curve with friction corrected, c) force-strain curve with areas of no defor-
mation removed. 
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Teflon sheets were used to minimise the friction coefficient and previous studies have 
shown that the friction coefficient between Teflon and steel is in the range of 0.06-
0.09 [174, 176]. However, variations in the friction coefficient are expected due to 
variations in surface quality, slight distortion of the specimen or damage in the Teflon 
sheet [172]. In practice the friction coefficient is determined by performing two tensile 
tests, one with an unclamped and one with a clamped sample. The offset in defor-
mation force can then be used in combination with the clamping force to determine 
the friction coefficient of the setup.  
Most previous studies have investigated the friction coefficient in tensile direction un-
der the assumption that the friction coefficient is independent of the strain-path [172-
174]. Recently, Sun and Wagoner [131] have found that the friction coefficient in com-
pression can be significantly higher than in tension. In their study, the friction coeffi-
cient in tension was found to be between 0.04 and 0.105 while that in compression was 
between 0.092 and 0.165. They related the increase in friction coefficient to the com-
pressive deformation of the Teflon sheet as a result of the clamping side force. Due to 
these findings, the friction coefficient was determined individually in tension and com-
pression in the current study.  
 
Biaxial stress 
The applied clamping force causes a loading effect in thickness direction. This gener-
ates stress in thickness direction (  ) which facilitates yielding of the material. Even 
though its magnitude is very small it has to be accounted for when analysing the stress-
strain data. The resulting stress in thickness direction can be expressed by 
 
   =
  
 
 6-3 
where A is the contact surface between the die and the specimen. For the specimen 
shape tested in the present work the contact surface area is   = 2214.9 mm2. This 
value has to be adjusted if other materials with different sample dimensions are tested 
i.e. the width of the specimen and the die changes. To account for the stress caused, an 
adjusted von Mises yield function [172-174] can be used to determine the stress in the 
material ( ) during deformation:  
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  =  
1
2
[(   −   )  +     +   
 ]
 
 6-4 
where    is the axial stress, calculated from the force displacement data of the tensile 
tester after friction correction. 
6.3 Effect of strain-path on the change in the apparent Young’s 
modulus 
To validate the manufactured TC-setup and to determine the friction coefficients in 
tension and compression, pre-tests were performed. Heat treated sheets are 
complicated and time-intensive to produce, and their material properties can vary 
slightly even with the heat treatment parameters being constant. Pre-tests were 
therefore performed with the industrial as-received DP780 material. For this, speci-
mens, with the dimensions shown in Figure 6-4 were prepared by wire cutting to en-
sure a smooth and precise cut. 
 Pre-tests, friction coefficient and biaxial correction 
To determine the friction coefficient in tension and compression, pure tensile and com-
pression tests were carried out with varying side clamping forces in combination with 
tensile tests performed on an unclamped specimen. Teflon sheets (Polytetrafluoreth-
ylene NRN-GKV-0100), with the thickness of 0.5 mm were inserted between the 
sample and the die to reduce friction. The measured stress-strain responses of the ten-
sile test before friction and biaxial pressure correction are shown in Figure 6-11 a). It 
can be seen that the levels of true stress of the clamped material are higher than those 
of the unclamped tensile sample. The friction correction was used to determine the 
deformation force as outlined in 6.2.3. The friction coefficient was identified to be 
  = 0.11 in forward straining for both clamping forces investigated (5 kN and 10 kN). 
Biaxial pressure correction can then be applied, calculating the corrected deformation 
stress with Eq. 6-4; this results in the stress-strain response displayed in Figure 6-11 
c).  
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a) 
 
b) 
  
Figure 6-11 – Effect of friction and biaxial pressure on the stress-strain response in 
tension as a result of the clamping force; a) Uncorrected stress-strain curve, b) Stress-
strain curve with friction and biaxial pressure corrected. 
The stress-strain response of the compression samples are displayed in absolute values 
to enable a comparison with the tensile test results in Figure 6-12 a). Friction and bi-
axial compensation were applied (Figure 6-12 b)) and it was found that the friction 
coefficient in compression is   = 0.16. As for the tests conducted in tension, it can be 
seen that the friction coefficient is independent of the clamping pressure, as all adjusted 
flow-curves overlay the curve of the unclamped tensile specimen. It was noted, that 
the specimens that were deformed in compression experienced an earlier elastic-plastic 
transition and through that a reduction in yield stress compared with those deformed 
in tension. As the friction corrected stress-strain curves of all samples tested in com-
pression are similar (Figure 6-12 b)), it is unlikely that the observed reduction in yield 
strength is a function of the clamping pressure. A possible explanation for the differ-
ence in yield strength may be residual phase stresses due to material production. Dur-
ing the deformation of DP steel, the ferrite phase yields first and is responsible for the 
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materials yield strength. Additional compressive stresses applied to the ferrite phase 
from the martensite phase (as a results of the austenite-martensite volume change) can 
facilitate the yielding of ferrite in compression and result in a lowered yield strength 
of the DP material compressed in tension. When most parts of the ferrite phase are 
deformed plastically the difference between tension and compression disappears, as 
does the onset of the stress-strain curves. It is not known, which heat treatment path 
the industrial material underwent but it may have resulted in residual phase stresses. It 
will later be shown (Section 6.3.2) that the microstructures produced for this study do 
not show a difference in yielding behaviour between tension and compression. 
The biaxial pressure in tension and compression, is purely dependent on the clamping 
force and shows the biggest effect for the highest clamping force. The biaxial pressures 
resulting from clamping forces of 5 kN, 10 kN and 15 kN are 1.88 MPa, 3.76 MPa and 
5.65 MPa respectively and their effect can be considered to be insignificant. 
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a) 
 
b) 
 
 
Figure 6-12 – Effect of friction and biaxial pressure on the stress-strain response in 
compression as a result of the clamping force; a) uncorrected stress-strain curve, b) 
Stress-strain curve after correction for friction and biaxial pressure. 
Overall, it was shown that the stress-strain response during TC can be investigated 
with the TC setup developed here. For this, friction effects need to be calibrated with 
the friction coefficients determined in tension and compression. The friction coeffi-
cients determined may need to be adjusted depending on the material and surface con-
dition of the samples tested as it has been shown that the friction coefficient does not 
only vary between the different experimental setups but also between materials [131]. 
Above work has further shown that a blank holder force of 5 kN is sufficient to prevent 
buckling for compressive strains of up to 6 %. 
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 Evolution of the apparent Young’s modulus for various strain-paths 
Material 2a was chosen to investigate the impact of strain reversal on the apparent 
Young’s modulus as, in Chapter 4, this material showed the highest reduction in the 
apparent Young’s modulus of all microstructures investigated. Sheets of 
215 mm x 150 mm were cut from the as-received material and heat treated as de-
scribed in Chapter 3 to obtain sheets of material 2a. Each sheet was then wire-cut to 
obtain five TC samples in the rolling direction from each heat-treated sheet.  
A range of compression-unloading tests was conducted where the sample was 
deformed to compressive (negative) pre-strain before unloading to 0 stress. This was 
followed by a further compression to various strain levels. Other specimens were pre-
strained in tension prior to compression to investigate the effect of strain reversal on 
the apparent Young’s modulus. Friction and biaxial corrections were applied using the 
friction coefficients obtained in Section 6.3.1, in a way, that the friction coefficient in 
tension (0.11) was used when the force measured by the load cell was positive and the 
friction coefficient in compression (0.16) was applied when the measured force was 
negative. An additional specimen of the same material was tested in tension without 
any clamping force to ensure that the effect of friction was accurately calibrated. 3 to 
4 samples were then tested for each condition. The true stress-strain responses were 
converted into absolute stress–strain, as illustrated for one sample in Figure 6-13.  
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Figure 6-13 – Conversion of the true stress–strain response to absolute stress–strain. 
The absolute stress–strain responses for one sample of each condition are shown in 
Figure 6-14. The fit of the friction coefficient determined in compression can be 
analysed by comparing the tensile curve with that obtained from the absolute stress-
strain response of samples that were compressed without previous pre-straining in ten-
sion (displayed in Figure 6-14 a)). The comparison shows a reasonable fit when over-
laying the curves. No directional residual stresses were observed for the produced 
Material 2a, i.e. there was no difference in yielding behaviour between tension and 
compression.  
It can be seen that for the samples pre-strained to 1 % (Figure 6-14 b)), 2 % (Figure 
6-14c)) and 3 % (Figure 6-14 d)) of tensile strain, the chosen friction coefficient for 
tension produces reasonable results. The flow curves overlay the tensile curve until the 
strain reversal is initiated. The compression section of the samples shows a lower flow 
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stress compared with the non-pre-strained compression curve and the unclamped ten-
sion curve. This reduction may be due to permanent softening of the material as a result 
of the Bauschinger effect [133].  
a) 
 
b) 
 
c) 
 
 
d) 
 
Figure 6-14 – Comparison between the unclamped sample tested in tension with 
a) Compression-unloading test, b) Compression-unloading test subsequent to 1 % ten-
sile pre-strain, c) Compression-unloading test subsequent to 2 % tensile pre-strain, 
d) Compression-unloading test subsequent to 3 % tensile pre-strain. 
Young’s modulus measurement 
Similar to the loading-unloading experiments conducted in Chapter 4, it was not pos-
sible to perform the unloading cycles in the strain-controlled mode due to the limitation 
of the experimental setup. The unloading therefore occurs with a scatter in strain. The 
chord modulus was determined for each compression-unloading slope. The chord 
modulus response of Material 2a determined in Chapter 4 was used to interpret the 
results by overlaying the Yoshida equation that was fitted to the experimental data 
determined in Chapter 4 on the current results.  
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The chord modulus measured for the samples not strained in tension before compres-
sion, shown in Figure 6-15, aligns reasonably well with that measured in tension but a 
larger scatter exists in compression. This is most likely due to the TC test setup, which 
complicates the alignment of the clamped sample. If the clamped TC sample is not 
perfectly vertical, the sample cross section tested will slightly change compared with 
the cross section that is measured. This can produce a higher uncertainty of the results 
leading to a greater scatter of the chord modulus data. This may also have led to the 
saturated chord modulus being moderately higher in compression than that measured 
in tension. 
 
Figure 6-15 – Chord modulus measured in compression – unloading tests as a function 
of absolute true strain compared with that measured in tension. 
To clarify the subsequent investigation of the chord modulus, the points of one of the 
absolute stress-strain curves analysed are schematically illustrated in Figure 6-16. The 
chord modulus was determined for each compression-unloading slope. An additional 
chord modulus value was determined for samples that were first strained in the forward 
tensile direction. For this, the stress-strain data at the point of strain reversal and that 
at the point of zero stress was used. The value for the initial Young’s modulus (the 
modulus displayed at 0 % strain) of Material 2a was taken from Chapter 4.  
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Figure 6-16 – Absolute stress-strain response of a compression unloading tests after 
pre-straining in tension indicating the point of strain reversal and the chord modulus 
measurement. 
The chord moduli measured after tensile pre-straining directly after strain reversal (as 
illustrated in Figure 6-16) are displayed in Figure 6-17 and show a good fit with the 
results previously obtained in Chapter 4. This fit verifies the TC test-setup and shows 
that the chosen strain measurement is suitable for Young’s modulus evaluation. 
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Figure 6-17 – Chord modulus measured in tension using the developed TC setup com-
pared with the Yoshida fit previously established with the experimental chord modulus 
data determined for M2a in Chapter 4. 
The measured chord moduli for the entire strain range (as illustrated in Figure 6-16) 
are displayed in Figure 6-18. It can be seen that a pre-strain in tension increases the 
chord modulus measured during the subsequent compression, as all samples show an 
increase in chord modulus after strain reversal from tension to compression. Upon fur-
ther compression, the chord modulus slightly reduces and then quickly saturates.  
Previous studies associated the reduction in the apparent Young’s modulus with dis-
location motion [5, 22, 25, 26]. During deformation, dislocations can pile up against 
grain boundaries, obstacles or dislocation cell walls. When the external force is 
reduced during unloading, mobile dislocations repel away from each other and move 
back. This dislocation movement results in plastic micro-strain which is concurrent 
with the elastic unloading strain and increases the overall unloading strain. As a con-
sequence, the apparent Young’s modulus decreases. It was verified in Chapter 5 that 
the motion of mobile dislocation is a major contributor to the reduction in the apparent 
Young’s modulus. A higher number of mobile dislocations therefore results in a higher 
reduction in the apparent Young’s modulus. 
Studies investigating the dislocation structure of polycrystalline aluminium [177] and 
polycrystalline copper [178] have shown, that during strain reversal, dislocations an-
nihilate [177] and entangle [178]. The annihilation of dislocations and the accompa-
nying dissolution of cell walls was attributed to the generation of dislocations with 
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opposite signs which attract and annihilate each other. This effect is called dynamic 
recovery and also associated with permanent softening [177]. The entanglement of 
dislocations after strain reversal was shown by Christodoulou et al. [178], illustrating 
that the dislocation density within dislocation cells (which are considered as the mobile 
dislocation) decreases during deformation in the reverse direction. A reduced mobile 
dislocation density could, therefore, be the reason for the observed increase in chord 
modulus after strain reversal. 
The mechanism discussed above suggest that the effect of strain reversal on the change 
in the apparent Young’s modulus is independent of the order in which the tension and 
compression steps are conducted, i.e. if the sample is pre-strained in tension followed 
by compression-unloading or if the sample is pre-strained in compression followed by 
tension-unloading. To verify this assumption, further investigations are required which 
are outside the current investigation. 
The results of this study have also shown, that the measured chord modulus in 
compression can come with significant scatter (as shown for the sample strained to 
1 % in tension in Figure 6-18 a)). A single measurement, as done by Yoshida et al. 
[17] may, therefore, misrepresent the actual chord modulus after strain reversal. 
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a) 
 
 
b) 
 
c) 
 
Figure 6-18 – Chord modulus measured in Compression – unloading tests subsequent 
to a tensile pre-strain as a function of: absolute true strain for a) 1 % tensile pre-strain, 
b) 2 % tensile pre-strain, c) 3 % tensile pre-strain. 
To compare the effect of the pre-strain level in tension on the chord modulus after 
strain reversal, the chord moduli measured in compression are shown vs. true strain in 
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Figure 6-20, i.e., without the pre-straining step performed in tension (see procedure in 
Figure 6-19). Again for comparison the Yoshida equation fitted to the experimental 
data determined for tensile pre-strain in Chapter 4 was mirrored and inserted into the 
graph.  
 
Figure 6-19 – True stress-strain response of a compression unloading tests after a pre-
strain in tension, indicating the chord modulus measurements. 
The results show that the chord modulus reduction in compression is decreased for the 
samples that underwent a strain reversal from tension to compression. Furthermore, 
saturation can be observed at higher chord Modulus levels compared with that deter-
mined in tests where there was no strain reversal with pre-strain purely applied in ten-
sion. This effect is not due to the compressive deformation as it was shown in Figure 
6-15 that the apparent Young’s modulus in pure tension is very similar to that identi-
fied for pure compressive testing with comparable level of saturation.  
Previous studies [134, 135] accounted for the apparent Young’s modulus reduction for 
complex forming operations with strain-path reversal, using the chord modulus 
evolution determined in tension. The observed increase in chord modulus after strain 
reversal from tension to compression and the subsequent higher saturated chord mod-
ulus observed here suggests that this method is not accurate. The present study 
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suggests that the change in chord modulus is not simply a function of accumulated 
strain [17] but may depend on the direction of strain if the strain-path reverses. 
The results further show that the amount of pre-strain in the forward direction does not 
impact the chord modulus in compression, as the 1 %, 2 % and 3 % pre-strained sam-
ples saturate at similar chord modulus levels in compression. The discussed mecha-
nism of dislocation entanglement in cells after strain reversal [178] and the resulting 
reduction in mobile dislocation density during deformation in reverse direction can 
explain the lower reduction of the chord modulus in compression after strain reversal. 
The observation that all tension pre-strain levels result in a similar saturation level of 
the chord modulus in compression suggests that the pre-strain level does not influence 
the dislocation cell structure generated after strain reversal.  
As described above, after strain reversal the piled-up dislocations from forward tensile 
straining get annihilated or entangled. During the subsequent compression, new dislo-
cations are formed which develop a dislocation cell structure. Even though the total 
dislocation density increases with increasing compressive strain, the amount of mobile 
dislocation (dislocation within the cells) does not [178].  
The result suggests, that the amount of mobile dislocations at the same level of com-
pressive strain is similar for the different testing conditions, i.e. independent of the 
level of tensile pre-strain. 
 
Figure 6-20 – Chord modulus evolution in compression after pre-straining in tension 
compared with the chord modulus evolution obtained from the tension–unloading tests 
of Chapter 4 (fitted Yoshida equation). 
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6.4 Summary 
A new tension-compression (TC) test setup for metal sheets has been developed for 
experimental evaluation of the change in the apparent Young’s modulus for strain-path 
reversals from tension to compression. The new test setup uses a hydraulic cylinder to 
apply a clamping force to prevent the sheets from buckling during compression. A 
hand pump in combination with a pressure gauge was used to monitor the clamping 
pressure and to keep it constant throughout the test. A die and clamping plate design 
was developed that allows strain measurements with a video extensometer on the 
thickness of the sample. A special setup was designed, that suspends the clamping 
device and allows it to move with the sample. This reduces the relative movement 
between the sample and the dies and decreases the friction without the necessity of 
roller bearings. The clamping setup was designed in a way that allows changing the 
dies for future testing of different sheet metals.  
 
Pre-tests and friction compensation 
Pre-tests with industrial DP780 samples were performed and it was shown that a 
clamping force of 5 kN is sufficient to prevent buckling in the testing of compressive 
strains up to 6 %. The friction coefficients were determined in tension (0.11) and in 
compression (0.16) which showed a higher friction coefficient in compression. This is 
in agreement with Sun and Wagoner [131] who related the increase in the friction 
coefficient to the compressive deformation of the Teflon sheet as a result of the clamp-
ing side force. 
 
Verification of the developed TC test setup for apparent Young’s modulus investiga-
tion 
Strain reversals from tension to compression were conducted at 1 %, 2 % and 3 % 
tensile pre-strain. The chord moduli measured after pre-straining in tension show a 
good fit with the chord modulus response of Material 2a determined in Chapter 4. This 
fit validates the TC test setup and the method for strain measurement chosen for in-
vestigating the apparent Young’s modulus. 
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Comparison of apparent Young’s modulus in compression and tension (without strain 
reversal) 
Compression-unloading tests were performed. The results show that the chord modu-
lus in compression is very similar to that measured in tension but slightly higher. This 
small difference was attributed to the larger scatter observed in measurements taken in 
compression.  
 
Effect of strain reversal on the apparent Young’s modulus 
Samples which were pre-strained in tension before testing in compression-unloading 
tests showed an increase in chord modulus after strain reversal. Upon further compres-
sive strain the chord modulus saturated at a higher level compared to compressed ma-
terial that was not pre-strained in tension, i.e., did not go through a tension-compres-
sion strain reversal. 
This suggests that a chord modulus evolution obtained from tensions-unloading tests 
cannot be directly applied to numerically predict sheet forming operation where the 
strain-path is complicated and involves the reversal from tensile to compressive strain. 
The results shown here indicate that the change in chord modulus is not purely a func-
tion of accumulated strain or independent of its direction as previously assumed [17] 
but increases after a strain-path change from tension to compression.  
In Chapter 5 it was experimentally shown that dislocation motion is a contributor to 
the reduction in the apparent Young’s modulus and the results of Chapter 4 suggest 
that the amount of mobile dislocations stagnates after a certain pre-strain level leading 
to the saturation of the apparent Young’s modulus reduction. This saturation was also 
observed in the compressed sample after pre-straining in tension but at a higher level 
of the apparent Young’s modulus. This may be associated with a lowered amount of 
mobile dislocations due to annihilation and entanglement. The produced dislocation 
cell structure (and the resulting amount of mobile dislocation within these cells) after 
strain reversal may be independent of the tensile pre-strain level, as for all tested mag-
nitudes of tensile pre-strain similar levels of apparent Young’s modulus saturation 
were observed in compression. 
The apparent Young’s modulus results obtained in compression after pre-strain in 
tension can be used to adjust FEA models to improve springback accuracy for sheet 
metal simulations which include strain-path reversals. The current results suggest that 
the springback after strain reversal from tension to compression followed by release is 
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most likely overestimated in numerical models that apply chord modulus data gener-
ated through uni-axial tensile tests. 
 
Future work 
Future tests investigating the apparent Young’s modulus after strain-path reversal on 
a variety of DP steels (with varying martensite and ferrite phase fraction) will clarify 
to what extent the microstructure influences the recovery in apparent Young’s modulus 
observed after strain-path reversal. In addition, tension-unloading tests subsequent to 
a compressive pre-strain will show whether the effect of strain-path reversal on the 
change in the apparent Young’s modulus depends on the order of tension and com-
pression.  
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 Discussion, conclusions and future recommenda-
tions 
7.1 General discussion 
 The effect of the microstructures on the springback in DP steel after ten-
sion-unloading 
Previous studies assumed that the reduction in the apparent Young’s modulus is solely 
related to the stress at unloading [22, 116]. However, the literature review showed 
contradicting results for the reduction of the apparent Young’s modulus measured for 
different industrial DP steels, suggesting that the microstructure has an impact on the 
unloading behaviour. This is experimentally confirmed in Chapter 4 where it is shown 
that the hardness, volume fraction and shape of the martensite phase influence the re-
duction in the apparent Young’s modulus. The reduction in the apparent Young’s mod-
ulus increased with martensite hardness and comparison with the literature suggests 
that it is higher for a microstructure that contains a network of connected martensite 
grains compared with those that consist of isolated spheroids of martensite surrounded 
by a ferrite matrix. The reduction in the apparent Young’s modulus initially increases 
with martensite volume fraction and after a peak at 35 % martensite volume fraction 
decreases.  
To understand the relationships observed in Chapter 4 the mechanisms which have 
been suggested causing the reduction in the apparent Young’s modulus were 
investigated in Chapter 5. The reduction in the apparent Young’s modulus is linked to 
the generation of a plastic unloading strain. Two mechanisms have been associated in 
previous studies with the reduction of this additional unloading strain. Those are re-
sidual phase stresses and dislocation motion. The experimental study in Chapter 5 
proves the existence of both mechanisms. A comparison of the level of plastic unload-
ing strain caused by both mechanisms suggests that for the microstructure investigated 
in Chapter 5, residual stress has a higher contribution to the reduction in the apparent 
Young’s modulus than dislocation movement.  
With the mechanisms observed in Chapter 5 the results of Chapter 4 were discussed 
as follows: 
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Effect of martensite hardness on the reduction in the apparent Young’s modulus 
It was shown in Chapter 4 that tempering the DP microstructure and the resulting re-
duction in martensite hardness diminishes the apparent Young’s modulus reduction. 
Previous studies suggest that a reduced strength mismatch between ferrite and marten-
site results in a lower strain partitioning [18, 19]. This reduction in strain partitioning 
lowers the level of plastic strain generated during unloading and lowers the reduction 
in the apparent Young’s modulus.  
Moreover, dislocations are introduced during material production as a result of the 
martensite transformation [84]. Tempering the microstructure has been shown to lock 
some of these dislocations through carbon segregation [100]. In addition, the 
dislocation density is related to the macroscopic flow stress of the material [179]; i.e. 
the lower the flow stress of the tempered material the smaller the dislocation density. 
Thus, tempering the material could result in a smaller number of mobile dislocations 
that can contribute to the plastic unloading strain. The lower reduction in the apparent 
Young’s modulus observed for the tempered material may, therefore, be linked to a 
reduced amount of piled-up dislocations compared with the non-tempered case. 
Effect of martensite volume fraction on the reduction in the apparent Young’s 
modulus 
To understand the relationship between the martensite volume fraction and the reduc-
tion in apparent Young’s modulus the impact of several microstructure parameters on 
the mechanisms observed in Chapter 5 have to be considered. Some elevate and others 
decrease the level of plastic unloading strain and through that the reduction in the 
apparent Young’s modulus with martensite volume fraction: 
Increasing the effect of the reduction in the apparent Young’s modulus: 
1) Stress-strain partitioning increases with martensite volume fraction [87], re-
sulting in higher residual stresses which, as outlined above, generate more plas-
tic unloading strain. 
2) The strain hardening rate of DP steels is related to the dislocation density and 
increases proportionally with the square root of the volume fraction of marten-
site [157]. Thus, a higher martensite volume fraction leads to more dislocation 
generation during forming. This can result in a higher number of mobile dislo-
cation that can repel during unloading. 
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Decreasing effect on the reduction in the apparent Young’s modulus: 
3) The martensite hardness decreases with increasing volume fraction of marten-
site (Figure 4-5) which lowers the reduction in the apparent Young’s modulus. 
4) A higher martensite volume fraction decreases the ferrite grain size (Table 4-
2). This reduces the plastic unloading strain [27, 73] and lowers the reduction 
in the apparent Young’s modulus. 
The initial increase in the reduction of the apparent Young’s modulus with martensite 
volume fraction, suggests that for microstructures with low amount of martensite the 
increasing effect of 1 and 2 grows more quickly than the decreasing effect of 3 and 4. 
With increasing martensite volume fraction, the increase due to 1 and 2 becomes 
gradually less, while the decrease due to 3 and 4 gets larger. At 35 % of martensite 
volume fraction, the growths of the impact of all effects are at equilibrium. Upon fur-
ther increase in martensite volume fraction, the impact of effect 3 and 4 grows more 
quickly than that of effect 1 and 2. This results in a lowered reduction in the apparent 
Young’s modulus with increasing martensite volume fraction past 35 %.  
The resulting peak sugests that the sum of all four effects (the impact of effect 1 and 2 
minus the impact of effect 3 and 4) is largest at 35 % martensite volume fraction.  
Effect of martensite shape on the reduction in the apparent Young’s modulus 
The results of Chapter 4 in comparison with previous literature [1, 6, 15, 17] suggest 
that the steepness of the reduction in the apparent Young’s modulus, as well as the 
strain level at which the apparent Young's modulus saturates, depends on the shape of 
the martensite phase. DP microstructures which consist of a network of connected 
martensite grains surrounding granular ferrite seem to experience a quicker reduction 
and earlier saturation in the apparent Young’s modulus compared to DP microstruc-
tures consisting of unconnected martensite islands embedded in a ferrite matrix. The 
empirical equation developed in Chapter 4 was calibrated with the apparent Young’s 
modulus results obtained from the microstructure investigated in the present study, 
which contains a chain-like martensite structure surrounding granular ferrite. Estima-
tions made with the empirical equation for the apparent Young’s modulus reduction 
reported by previous studies showed that the reduction in the apparent Young’s mod-
ulus was overestimated for microstructures that consisted of isolated martensite grains. 
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This suggests, that a DP steel where the martensite grains are connected and form a 
chain-like network, experiences a higher reduction in the apparent Young’s modulus 
than a DP microstructure with similar phase hardness and phase fraction containing 
granular martensite embedded in a ferrite matrix.  
These observed trends can be explained by the mechanism shown in Chapter 5. The 
dislocation density in ferrite is high adjacent to martensite grains after material pro-
duction [84]. A microstructure consisting of thin, elongated martensite grains, has a 
higher contact area with the ferrite, as the grains are spread out through the structure. 
This may lead to a higher initial dislocation density. This could explain the quicker 
apparent Young’s modulus reduction observed for DP steel where the martensite forms 
a chain-like structure. This would lead to an earlier saturation since higher initial dis-
location density results in more dislocations that can contribute to the plastic unloading 
strain generation during the first few percent of pre-strain.  
In addition, previous studies have shown that DP steels where the martensite surrounds 
the ferrite and forms a chain-like structure undergo more stress-strain partitioning dur-
ing deformation compared with those that have a microstructure with isolated marten-
site islands [90]. The higher strain partitioning and the resulting larger residual stresses 
force a larger area of the ferrite into yield during unloading and result in a larger plastic 
unloading strain generation. This could explain the higher reduction in the apparent 
Young’s modulus for microstructures with a network of elongated and connected mar-
tensite grains compared with those of unconnected granular martensite, revealed by 
the empirical equation. 
 The reduction in the apparent Young’s modulus for springback simula-
tions 
It is standard to account for the reduction in the apparent Young’s modulus in sheet 
forming simulations. Until now, this was accomplished by measuring the apparent 
Young’s modulus in time-consuming loading-unloading experiments that need to be 
performed for each individual material to be formed. An empirical equation was 
developed in Chapter 4 that allows to estimate the reduction in the apparent Young’s 
modulus if basic microstructure parameters (i.e. martensite volume fraction and mar-
tensite hardness) are known. While the martensite volume fraction can easily be deter-
mined using optical microscopy, the martensite hardness can be estimated with the 
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materials carbon concentration in combination with the martensite volume fraction and 
the rule of mixture.  
V-bending experiments in combination with numerical analysis suggest that the data 
provided by the empirical equation leads to acceptable springback predictions. The 
developed empirical equation may, therefore, represent an alternative for incorporating 
the reduction in the apparent Young’s modulus in the numerical analysis of sheet form-
ing simulations and this without the need for time-consuming experimental loading-
unloading trials. Nevertheless, comparison with the literature suggests that the devel-
oped equation can only be used for DP microstructures that contain similar shaped 
martensite as used for model calibration. Future studies that investigate the reduction 
in the apparent Young’s modulus for DP steels that consist of granular martensite will 
be necessary to extend the present equation to other DP microstructures.  
 The effect of strain-path reversal on the reduction in the apparent Young’s 
modulus 
As mentioned above, the reduction in the apparent Young’s modulus is frequently 
implemented in sheet forming simulations to improve springback accuracy. This has 
also been done for studies that included a strain-path reversal [1, 129, 134, 135]. How-
ever, the apparent Young’s modulus evolution used in those studies was obtained by 
standard loading-unloading experiments in forward straining, as it is generally 
assumed that the reduction in the apparent Young’s modulus is independent of the 
strain-path. Even though the springback predictions achieved with these models were 
in ‘acceptable agreement with the experimental results‘, it is unclear if the reduction 
in the apparent Young’s modulus simply depends on accumulated strain or is affected 
by strain-path changes.  
The experimental results of Chapter 6 suggest that there is indeed an effect of the 
strain-path on the change in the apparent Young’s modulus. The results of compres-
sion-unloading tests performed subsequent to pre-strain in tension show that the ap-
parent Young’s modulus recovers after strain-path reversal from tension to compres-
sion. The resulting saturated apparent Young’s modulus is higher than that obtained in 
tension-unloading tests for the same material in Chapter 4. These results suggest that 
simulations which contain a strain-path change from tension to compression most 
likely overestimate the springback when using the reduction in the apparent Young’s 
modulus obtained from forward loading-unloading tests. 
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The mechanism of dislocation motion, which has been verified in Chapter 5 for the 
investigated microstructure, can be used to explain the apparent Young’s modulus 
recovery. Previous studies (focused on aluminium and copper) have found that the 
amount of mobile dislocation can decrease after strain-path reversal due to annihilation 
and the generation of dislocation cells [177, 178]. This reduces the number of disloca-
tion which can repel during unloading. This lowers the plastic unloading strain and 
through that the reduction in the apparent Young’s modulus. In-situ loading-unloading 
tests subsequent to a strain-path reversal are necessary to confirm this theory but are 
outside of the scope of this thesis.  
Future testing of a range of DP steels (with varying martensite volume fraction and 
hardness) will clarify if and to what extent the microstructure influences the recovery 
in the apparent Young’s modulus observed in Chapter 6 after strain-path reversal from 
tension to compression. In addition, tension-unloading tests subsequent to a 
compressive pre-stain will show if the effect of strain-path reversal on the apparent 
Young’s modulus is dependent on the order of tension and compression. 
7.2 Conclusions 
The literature review has shown, that there is a gap in knowledge on how the micro-
structure affects the springback behaviour of DP steels. To gain this knowledge, this 
thesis experimentally investigates the link between the microstructure and the unload-
ing behaviour of DP steels to develop a deeper understanding of their springback 
behaviour. In particular, the effect of microstructure parameters on the unloading 
behaviour, the cause for the apparent Young’s modulus reduction and the impact of 
strain reversal on the unloading behaviour are studied. This information may be used 
in future alloy design for the development of microstructures with improved forming 
behaviour or to optimise material models in numerical analysis. To achieve this, in 
Chapter 4 the effect of the volume fraction and the hardness of the martensite phase 
on the reduction in the apparent Young’s modulus was analysed. Based on this an 
empirical equation was developed. This allows to estimate the reduction in the appar-
ent Young’s modulus when martensite volume fraction and the hardness are known, 
which can be easily determined knowing the materials chemical composition and using 
optical microscopy. In-situ tension-unloading tests were conducted in Chapter 5. This 
allowed for the first time the experimental verification of the mechanisms that were 
suggested by the literature to be responsible for the reduction in the apparent Young’s 
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modulus. In addition, the comparison of the effects observed in-situ with FE micro-
scale simulation allowed an estimation of the contribution of those mechanisms on the 
reduction in the apparent Young’s modulus. 
Chapter 6 investigated the assumption, previously used in springback simulations, that 
the reduction in the apparent Young’s modulus is solely dependent on accumulated 
strain. For this, compression-unloading tests subsequent to pre-strain in tension were 
conducted and the impact of a strain-path reversal from tension to compression on the 
reduction in the apparent Young’s modulus investigated. 
This thesis has developed a fundamental understanding of the effect of microstructure 
on the unloading behaviour of DP steel. A link between martensite volume fraction 
and the hardness of the martensite phase on the reduction of the apparent Young’s 
modulus was established. Furthermore, a connection was made between the shape of 
the martensite phase and the reduction in apparent Young’s modulus as well as the 
pre-strain level at which the apparent Young’s modulus saturates. An empirical equa-
tion was developed in order to accurately estimate the reduction in apparent Young’s 
modulus. Experimental evidence was generated, validating the mechanisms suggested 
responsible for the reduction in apparent Young’s modulus by other researchers in the 
literature. Last, it was shown that the reduction in apparent Young’s modulus is not 
solely dependent on accumulated strain. The major findings in detail are: 
1) A reduction in martensite hardness due to tempering lowers the reduction in 
the apparent Young’ modulus. An increase in martensite volume fraction first 
increases the apparent Young’s modulus reduction and reaches a peak in the 
apparent Young’s modulus reduction at 35 % of martensite. A further increase 
in martensite volume fraction lowers the apparent Young’s modulus reduction.  
2) DP microstructures which consist of a network of connected martensite grains 
experience a quicker reduction in the apparent Young’s modulus and a satura-
tion of the apparent Young’s modulus at lower pre-strain levels, compared with 
DP steels that contain martensite islands embedded in a ferrite matrix. The es-
timations made with the developed empirical equation further suggest that DP 
microstructures where the martensite forms a chain-like network around the 
granular ferrite experience a higher reduction in the apparent Young’s modulus 
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compared with DP microstructures that contain unconnected granular marten-
site embedded in a ferrite matrix. These findings may be useful for future steel 
alloy development. 
3) Numerical analysis in comparison with experimental V-bending data have 
shown that the developed data provided by the empirical equation can be used 
to achieve improved accuracy for springback in the numerical analysis of sheet 
forming processes. The developed equation, therefore, represents a viable al-
ternative to the time-consuming loading-unloading experiments. 
4) DIC and ECCI investigations performed on one microstructure condition prove 
the existence of both mechanisms (strain partitioning and dislocation move-
ment) which have previously been associated with the reduction in the apparent 
Young’s modulus. The plastic unloading strain measured using DIC and the 
plastic strain estimated using the observed dislocation movement were 
compared with the unloading strain predicted using FE micro-scale modelling. 
The results suggest that for the particular microstructure analysed residual 
phase stresses are the larger contributor towards the non-linear unloading. 
However, the reduction in the apparent Young’s modulus was also observed 
for a fully ferritic material. As this material cannot experience the residual 
stresses necessary for the generation of plastic unloading strain, the observed 
reduction in the apparent Young’s modulus must be solely the result of dislo-
cation motion. Thus the extent to which each mechanism contributes depends 
on the materials microstructure.  
5) Springback simulations which included strain-path changes have previously 
been conducted using the assumption that the reduction in the apparent 
Young’s modulus is solely a function of accumulated strain. The experimental 
study conducted in this thesis shows that samples which were pre-strained in 
tension before testing in compression-unloading tests showed a recovery in the 
apparent Young’s modulus after strain-path reversal. Moreover, the level at 
which the apparent Young’s modulus saturated after strain-path reversal was 
also higher. This suggests that the reduction in the apparent Young’s modulus 
is affected by strain-path changes and not solely dependent on accumulated 
strain. This has to be taken into consideration for future springback simulations 
of processes that include strain-path reversals. 
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7.3 Future recommendations 
This work has raised some questions which were not answered in the current thesis 
due to time limitations and should be covered in future work.  
1) The results of Chapter 4 suggest that the reduction in the apparent Young’s 
modulus is the highest for martensite volume fractions around 35 % for a DP 
steel where the martensite grains are connected and form a network surround-
ing the ferrite. Further work is necessary to investigate the effect of the change 
in the martensite volume fraction on the apparent Young’s modulus without 
the accompanying change in martensite hardness. This can be done by produc-
ing a set of DP steels and adjusting the carbon concentration (higher carbon 
concentration for higher martensite volume fractions). Testing these materials 
in loading-unloading tests and determining their apparent Young’s modulus 
evolution will give further insight into the effect of microstructure on the un-
loading behaviour of DP steel.  
2) It was shown that an empirical equation could be used to estimate the reduction 
in the apparent Young’s modulus when basic material parameters are known. 
This can be used to incorporate the reduction in the apparent Young’s modulus 
into the analysis of sheet forming operations without the need of time-consum-
ing loading-unloading investigations. It was further shown that the developed 
equation could only be applied for DP microstructures that were similar to the 
one studied in this thesis. A study similar to the present one, which relates the 
martensite volume fraction and hardness with the reduction of the apparent 
Young’s modulus of a DP microstructure containing granular martensite is 
necessary to extend the developed equation to other DP microstructures. 
3) Previous studies modelled the stress-strain response during unloading of DP 
steel by incorporating residual phase stresses or dislocation motion into the 
simulation. The present work experimentally revealed that both mechanisms 
(dislocation motion and residual stresses) are contributing to the reduction in 
the apparent Young’s modulus for DP steels. To accurately simulate the un-
loading behaviour of DP steel and predict the non-linear unloading, future 
models should account for both mechanisms. 
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4) The results of this thesis suggest that the change in the apparent Young’s mod-
ulus is not solely a function of accumulated strain. It was shown that the appar-
ent Young’s modulus recovers after strain-path change from tension to com-
pression and subsequently saturates at higher levels of strain. Future tests in-
vestigating the apparent Young’s modulus after strain-path reversal on a vari-
ety of DP steels would be necessary to investigate the effect of the microstruc-
ture on the recovery of the apparent Young’s modulus after strain-path reversal. 
In addition tension-unloading tests of samples pre-strained in compression 
need to be conducted to determine whether the effect of strain reversal on the 
apparent Young’s modulus is independent of the order of tension and compres-
sion. These results will indicate in which way the apparent Young’s modulus 
has to be investigated to simulate springback in forming operations that contain 
strain-path changes.
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This section outlines R-Project scripts, the fitted coefficients, R2 and a visual repre-
sentation of the resulting fit for all five empirical investigated in Section 4.6.  
 
Empirical equation 1 - Linear martensite volume fraction – quadratic 
hardness 
 
∆  =   ∗    +   ∗   
  +   A-1 
 
R-Code of empirical equation 1: 
data_model1<-read.csv("emp.csv", header=T) 
attach(data_model1) 
data_model1 
f <- function(x,z,a,b,c) {a*x + b*(z^2) + c} 
fm <- nls(y ~ f(x,z,a,b,c), data = data_model1, start = list(a=-1, b=1, c=1)) 
co <- coef(fm) 
co 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
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Resulting fitting and fitted parameters of empirical equation 1: 
 
Figure A-1 – Resulting fit for empirical equation with linear martensite volume frac-
tion relationship and quadratic martensite hardness relationship. 
Table A-1 – Fitting parameters of empirical equation 1. 
a b c d R2 
-0.39 -4.96 48.92 -56.07 0.51 
 
Empirical equation 2 - Quadratic martensite volume fraction – linear 
hardness 
 
∆  =   ∗   
  +   ∗    +   
A-2 
 
R-Code of empirical equation 2: 
data_model1<-read.csv("emp.csv", header=T) 
attach(data_model1) 
data_model1 
f <- function(x,z,a,b,c) {a*(x^2) + b*z + c} 
fm <- nls(y ~ f(x,z,a,b,c), data = data_model1, start = list(a=-1, b=1, c=1)) 
co <- coef(fm) 
co 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
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Resulting fitting and fitted parameters of empirical equation 2: 
 
Figure A-2 – Resulting fit for empirical equation with quadratic martensite volume 
fraction relationship and linear martensite hardness relationship. 
 
Table A-2 – Fitting parameters of empirical equation 2. 
a b c R2 
-0.0002 -0.53 45.41 0.01 
 
Empirical equation 3 - Quadratic martensite volume fraction – quad-
ratic hardness 
 
∆  =   ∗   
  +   ∗   
  +   A-3 
 
R-Code of empirical equation 3: 
data_model1<-read.csv("emp.csv", header=T) 
attach(data_model1) 
data_model1 
f <- function(x,z,a,b,c) {a*(x^2) + b*(z^2) + c} 
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fm <- nls(y ~ f(x,z,a,b,c), data = data_model1, start = list(a=-1, b=1, c=1)) 
co <- coef(fm) 
co 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
 
Resulting fitting and fitted parameters of empirical equation 3: 
 
Figure A-3 – Resulting fit for empirical equation with quadratic martensite volume 
fraction relationship and quadratic martensite hardness relationship. 
Table A-3 – Fitting parameters of empirical equation 3. 
a b c R2 
-0.0005 -0.09 45.91 0.03 
 
Empirical equation 4 - 2nd order martensite volume fraction – linear 
hardness 
 
∆  =   ∗   
  +   ∗    +   ∗    +   
A-4 
 
R-Code of empirical equation 4: 
data_model1<-read.csv("emp.csv", header=T) 
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attach(data_model1) 
data_model1 
f <- function(x,z,a,b,c,d) {a*(x^2) + b*x + c*z + d} 
fm <- nls(y ~ f(x,z,a,b,c,d), data = data_model1, start = list(a=-1, b=1, c=1, d=1)) 
co <- coef(fm) 
co 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
 
Resulting fitting and fitted parameters of empirical equation 4: 
 
Figure A-4 – Resulting fit for empirical equation with 2nd order martensite volume 
fraction relationship and linear martensite hardness relationship. 
Table A-4 – Fitting parameters of empirical equation 4. 
a b c d R2 
-0.03 2.92 3.16 -31.93 0.82 
 
 
Empirical equation 5 - 2nd order martensite volume fraction – quad-
ratic hardness 
 
∆  =   ∗   
  +   ∗    +   ∗   
  +   A-5 
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R-Code of empirical equation 5: 
data_model1<-read.csv("emp.csv", header=T) 
attach(data_model1) 
data_model1 
f <- function(x,z,a,b,c,d) {a*(x^2) + b*x + c*(z^2) + d} 
fm <- nls(y ~ f(x,z,a,b,c,d), data = data_model1, start = list(a=-1, b=1, c=1, d=1)) 
co <- coef(fm) 
co 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
 
Resulting fitting and fitted parameters of empirical equation 5: 
 
Figure A-5 – Resulting fit for empirical equation with 2nd order martensite volume 
fraction relationship and quadratic martensite hardness relationship. 
Table A-5 – Fitting parameters of empirical equation 5. 
a b c d R2 
-0.03 3.05 0.33 -27.84 0.84 
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ECCI Micrographs 
This section provides enlarged versions of the micrographs which were used in Chap-
ter 5 to investigate the dislocation movement and are shown in Figure 5-9: 
 
Figure A-6 – Investigated ferrite grain – undeformed / as produced 
  215 
 
 
Figure A-7 – Investigated ferrite grain –1 % strained in tension and held. 
  216 
 
 
Figure A-8 – Investigated ferrite grain –1 % strained in tension and unloaded. 
 
This section provides the ECCI images, obtained during the in-situ loading-unloading 
tests performed in Chapter 5 which were not used for evaluation: 
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a) 2 % strained in tension 
 
b) Unloaded after 2 % pre-strain 
 
c) 3 % strained in tension 
 
d) Unloaded after 3 % pre-strain 
 
e) 4 % strained in tension 
 
f) Unloaded after 4 % pre-strain 
 
Figure A-9 – Micrographs obtained during in-situ loading-unloading at higher strain 
levels. 
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This section displays the technical drawings of all manufactured parts of the tension-
compression tests setup designed in Chapter 6. 
 
Figure A-10 – Technical drawing of die 1 and die 2 (shown in Figure 6-6). 
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Figure A-11 – Technical drawing of clamping plate 1 (shown in Figure 6-6). 
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Figure A-12 – Technical drawing of clamping plate 2 (shown in Figure 6-6). 
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Figure A-13 – Technical drawing of clamping plate 3 (shown in Figure 6-6). 
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Figure A-14 – Technical drawing of fixture holder 1 and 2 (shown in Figure 6-8). 
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This section displays the RProject script used for the Yoshida fitting in Chapter 4 and 
the resulting coefficients for all seven microstructures investigated. 
R-Code of the conducted Yoshida fitting (Eq. 3-15): 
data_model<-read.csv("Material_name.csv", header=T) 
attach(data_model) 
data_model 
f <- function(x,a,b,c) {a+b * exp(-c * x)} 
plot(y ~ x) 
fm <- nls(y ~ f(x,a,b, c), data = data_model, start = list(a=160000, 
b=50000, c=100)) 
co <- coef(fm) 
co 
curve(f(x, a=co[1], b=co[2], c=co[3]), add = TRUE) 
1-(deviance(fm)/sum((y-mean(y))^2)) 
summary(fm) 
Where a is the saturated apparent Young’s modulus (    ), b is the reduction in the 
apparent Young’s modulus (   −     ) and c the material parameter  . 
 
Table A-6 – Coefficients of the Yoshida fittings conducted in Chapter 4. 
 M1 M1.5 M2a M2b M2c M3 M3.5 
  179511 176489 161043 168988 174027 169514 177006 
b 39098 35282 54560 45171 38673 43979 37772 
  206 130 156 181 269 121 127 
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This section displays the stress-strain response and chemical composition of the single 
phase materials introduced in Chapter 5. 
Table A-7 – Chemical composition of MS1600, MS900 and DC05 analysed by 
atomic emission spectroscopy (wt%). 
  C Si Mn Cr Ni Al Cu Nb Ti V Fe 
MS1600 0.21 0.17 1.12 0.02 0.02 0.04 - 0.02 - 0.02 98.3 
MS900 0.06 0.16 1.91 0.02 0.03 0.05 - 0.01 - 0.02 97.7 
DC05 0.004 - 0.08 0.01 - 0.04 0.02 - 0.07 - 99.7 
 
 
Figure A-15 – Stress-strain response of MS1600, MS900 and DC05. 
 
